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Nanoscale mechanical resonators are of great interest for high-resolution sensing 
applications, where the small resonator mass and high quality factor (Q, defined as resonance 
frequency f0 over full width at half maximum power) lead to unprecedented sensitivity.  Here, we 
investigate gallium nitride (GaN) nanowire (NW) resonators.  The single-crystal, c-axis NWs are 
5 µm – 20 µm long, with diameters from 50 nm – 500 nm, and grow essentially free of defects.  
Our initial experiments involve measuring the resonances of as-grown NWs in a scanning 
electron microscope, where we observe exceptionally high Q values of 10
4
 – 105, one to two 
orders of magnitude higher than most NWs of comparable size.  Using a single NW as a mass 
sensor, we then demonstrate a sub-attogram mass sensitivity. 
To provide a more flexible measurement technique that avoids electron-microscope 
detection, we fabricate doubly clamped NWs with an entirely electronic drive and readout 
scheme using a combination of lithographic patterning and dielectrophoresis.  An electrostatic 
gate induces vibration, while readout utilizes the piezoresistivity of GaN.  Observed resonances 
range from 9-36 MHz with Q values typically around 10
3
 at room temperature and 10
-4
 Pa. 
We use the behavior of f0 and Q to sense the NW’s local environment, such as the additional 
sources of energy dissipation not present in the as-grown NWs.  By cooling the device to 8 K, Q 
increases by an order of magnitude to above 10
4
, with a highest value to date of 26,000 under 
vacuum.  We explore additional NW properties through the thermal noise in the NW’s 
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mechanical motion and the exponential decay of mechanical motion in the presence of burst 
drive. 
Finally, we investigate the low-frequency 1/f parameter noise displayed by f0.  We show that 
the noise in f0 is consistent with noise in the NW's resistance leading to temperature noise from 
local Joule heating, which in turn generates resonance frequency noise.  For sensor applications, 
there will be optimal drive conditions that balance the f0 noise with the signal-to-noise ratio of 
the system.  With these insights, along with the simple drive and readout technique, these GaN-
NW doubly clamped resonators have significant potential for high-resolution sensing 
applications. 
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Chapter 1 
1 Introduction 
 
1.1  Overview 
Over the last few decades, nanowires (NWs) have become an increasingly popular field of 
research, with applications including field effect transistors (FETs) [1]-[4], light-emitting diodes 
(LEDs) [5]-[8], laser diodes [9]-[11], sensors [12]-[16], resonators [17]-[22], and piezoelectric 
devices [23]-[25], to name a few.  NW fabrication technologies have likewise improved, 
allowing for billions of NWs on a single wafer, with control over length and diameter by 
adjusting the growth parameters [26]-[28].  Through a variety of techniques, NWs may be grown 
of materials including silicon, silicon carbide, zinc oxide (ZnO), tin oxide, titanium oxide, 
gallium arsenide, gallium nitride (GaN), and more, each with its own properties and 
functionality.  While each kind of NW is unique, they share many useful characteristics. 
 Size is one such advantage: NW diameters typically range from ~10-500 nm [29],[30], 
reducing the size scale of devices from the conventional micro-electromechanical systems 
(MEMS) to the more exotic nano-electromechanical systems (NEMS).  While physically 
incorporating such tiny structures into devices such as FETs or sensors can be a challenge, as 
long as the NWs have a decently high charge carrier density (> ~10
18
 cm
-3
) they can be 
manipulated using electric fields (see Chapter 3).  This is a parallel process, as multiple NWs can 
be moved simultaneously, and potentially allows for faster device fabrication than resorting to 
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conventional thin-film processing techniques such as electron-beam lithography.  Thus, creating 
devices out of NWs reaches a new, smaller size scale than is traditionally possible, without 
introducing insurmountable fabrication difficulties. 
Additionally, NWs also provide capabilities not possible through conventional techniques.  
For example, gallium nitride NWs may be grown as a single crystal with minimal defects 
[31],[32], as opposed to the typical high defect density of bulk material [33].  This low-defect, 
single-crystal structure leads to improved electrical and mechanical properties, which, as will be 
shown, is critical to resonator performance.  Additionally, exotic semiconducting material 
properties such as piezoelectricity, piezoresistivity, photoconductivity, etc. of materials like ZnO 
and GaN can lead to new functionality, as will be explored later. 
For these reasons, among others, NW-based NEMS are a rich topic for research, both for 
developing novel applications and for fundamental material studies.  To narrow the focus of this 
research, we concentrate on the electromechanical properties of NW-based resonator devices, 
with an eye toward sensor applications.  Resonators are critical components for, e.g., mass [34], 
force [35], and displacement sensors [36], and the small NW size and low defect density 
potentially offers unprecedented sensitivity.  Recent research has focused on fabricating devices 
and investigating the necessary conditions and parameters for achieving optimal sensor 
resolution [34],[37],[38].  
1.1.1  Example Devices 
Constructing a NW-resonator device typically requires a NW to be suspended between 
electrodes that provide mechanical stability and electrical contact, if required.  The NW will be 
driven into resonance with an applied force, e.g., from an electric field in the case of an 
electromechanical resonator, and the mechanical motion will be transduced into an electrical 
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signal that can be read out to determine the resonator’s parameters, which will be discussed in 
more detail in Ch. 1.1.2.   
There are two prominent methods for suspending NWs between electrodes: The first involves 
in-situ NW growth, i.e., the NW is grown or fabricated in place between the electrodes.  The 
second involves manipulating an already-grown NW into the appropriate position.  Examples of 
both can be seen in Figure 1.1.  Each style has its own advantages and disadvantages. For 
example, fabricating the NW in place often requires time-consuming micromachining techniques 
but is relatively reproducible, while guiding the NW into position can involve quick yet 
unpredictable mounting processes.  The in-situ growth process also limits the materials that can 
be studied, as not all NWs can be grown in a specified location. 
Once the device is completed, the resonator requires a means of actuation and a transduction 
mechanism to convert the mechanical motion into a measurable quantity, e.g. an electrical signal.  
Actuation can be accomplished in a number of ways, including mechanical [34], optical [40], 
magnetomotive [41], or electrostatic [42].  Mechanical actuation is the most straight-forward: the 
NW device is physically attached to a piezoelectric shaker that is vibrated at the resonance 
frequency of the NW, f0.  This method is limited to frequencies in the range the piezoelectric 
element will function and by the amplitude of motion of which the piezoelectric is capable.  
Optical actuation involves focusing a laser on the NW with an intensity that is modulated at f0, 
leading to periodic heating that results in contraction/expansion and hence vibration.  This 
method is effective, yet requires a laser with precise focusing capabilities.  Magnetomotive 
actuation involves placing the NW in a high magnetic field and running an rf current through the 
NW.  This induces a magnetic force at the frequency of the current.  The disadvantage of this 
technique is that it requires high magnetic fields (~4 T) and a relatively conductive NW.  Finally,  
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Figure 1.1: Example NW devices.  a) Micromachined SiC NWs fabricated in-situ, adapted from 
[50].  b) ZnO NW aligned using dielectrophoresis, adapted from [42].  c) GaN NW also aligned 
using dielectrophoresis, fabricated by the author as described in Chapter 3. 
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electrostatic actuation involves applying an rf voltage to a nearby electrostatic gate, creating an 
electric field that generates a driving force.  This approach requires close positioning between the 
gate and NW to generate sufficient force for vibration, and the driving electrostatics can 
introduce unwanted background into the transduced electronic signal. 
There are likewise a number of methods to transduce the mechanical resonance into a 
measurable quantity.  Such methods include optical [40], piezoelectric [43], piezoresistive [34], 
Faraday induction [44], and electron-microscope-based detection [45].  Optical detection 
involves focusing a laser on the NW and monitoring the intensity of the reflected light.  The 
sensitivity of this technique to NW deflection becomes limited by diffraction for smaller NWs 
[46].  Piezoelectric transduction converts the strain of mechanical vibration of a piezoelectric 
NW into a corresponding electric field, which modifies the resistance of the NW.  An applied dc 
voltage bias to the NW will then create a dc and a modulated rf current due to this periodic 
resistance fluctuation [43].  Piezoresistive transduction works similarly, only instead of the NW’s 
resistance being modulated by a piezoelectric effect, the resistance is directly modulated by 
strain (e.g., by physical elongation or modifying the carrier density by strain-induced changes in 
the semiconductor’s band-gap).  Faraday induction is used in conjunction with magnetomotive 
drive, wherein the NW resonating in a magnetic field results in a loop with a changing magnetic 
flux, which in turn generates a voltage.  Finally, a scanning electron microscope (SEM) can 
detect motion either through imaging the NW on resonance or by using the resonating NW to 
modulate the number of secondary electrons collected by the SEM detector. 
With the device fabricated, along with a means of actuation and transduction, the resonator 
can then be measured and its parameters extracted.  These parameters define the line shape of the 
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resonance, and play a large part in determining material properties and the utility of the device 
for sensing applications.  We investigate these parameters below. 
1.1.2  Resonator Parameters 
Several parameters define the performance of a resonator, including amplitude, resonance 
frequency f0, and quality factor Q.  Figure 1.2 shows an example of the magnitude of the 
electrical signal that results from a vibrating NW, taken with a device fabricated as described in 
Chapter 3 and measured as described in Chapter 4.  Here, amplitude defines the magnitude of 
vibration after piezoresistive transduction into an electrical signal.  Resonance frequency 
describes the frequency of the fundamental mode of vibration of the NW, given by  
 
   
 
  
(
    
 
)
 
√
   
  
  (1.1) 
for a doubly clamped resonator, where l is suspended length, E is Young’s modulus, Iy is the 
second moment of inertia, ρ is density, and A is cross-sectional area [47].  For example, for the 
GaN NW measured in Figure 1.2, ρ = 6.15 g/cm3, l = 8 µm, radius r = 140 ± 10 nm, E ≈ 300 GPa 
[48], and      
  ⁄  4x10-28 m4, leading to a prediction from Eq. (1.1) of f0 = 27 ± 2 MHz.  
The measured value of 27.5684 ± 0.0001 MHz is clearly well within the uncertainty of this 
prediction, which is large due to the large uncertainty in the SEM-determined dimensions.  The 
remaining critical parameter, quality factor Q, is defined as f0 over the full width at half 
maximum power (FWHM) of the resonator response.  A typical Q value for a NW resonator 
under vacuum at room temperature is 10
3
 - 10
4 
[42],[49],[53], and in Figure 1.2 is 925 ± 5. 
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Figure 1.2: Example NW resonance, showing magnitude of transduced resonance as a function 
of drive frequency.  Amp. is the maximum amplitude of the peak, resonance frequency f0 is 
defined at the center of the peak, and FWHM is the frequency range between the full width at 
half maximum power, or equivalently 1/√  of maximum amplitude.  Quality factor Q is then 
defined as f0/FWHM.  This data is from a GaN NW of length 8 µm, radius 140 nm, taken under 
vacuum at 10
-5
 Torr and room temperature as described in Chapter 4.  Resonance parameters 
from the Lorentzian fit (solid line) are f0 = 27.5684 ± 0.0001 MHz and Q = 925 ± 5. 
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The solid line of Figure 1.2 represents a Lorentzian fit, a line shape common among simple 
harmonic oscillators.  To determine the functional form of this fit, we analyze the equation of 
motion of the center of mass of the NW, derived from Newton’s second law,           , 
where Fnet is the net force experienced by the NW, a is its acceleration and Meff is the NW’s 
effective vibratory mass.  For the case of a doubly clamped beam the effective mass is Meff ≈ 
0.73 Mtot, where Mtot is the total mass of the beam [50].  The net force experienced by the NW is 
a sum of three separate forces: the harmonic restoring force, given by        
  ( ), where ω0 = 
2πf0 and x(t) is the NW’s time-dependent displacement; the damping force, assumed to be 
proportional to the NW’s velocity and given by        ̇( ), where Γ = 2π·FWHM represents 
the energy dissipation of the NW; and the time-dependent external driving force, Fapplied(t).  
Newton’s second law then reads  
        
  ( )        ̇( )          ( )       ̈( )  (1.2) 
Assuming both x(t) and Fapplied(t) vary sinusoidally with time, i.e.,  ( )     
   , where x0 is 
the amplitude of displacement, and         ( )     
   , where F0 is the amplitude of the 
driving force, Eq. (1.2) may be rewritten as  
        
                   
         (1.3) 
after factoring out the time dependence.  Solving for x0 then gives the equation of motion of the 
NW as a function of frequency rather than time, resulting in the Lorentzian equation given by 
 
   
  
    
⁄
(  
    )     
  
(1.4) 
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Note that x0 is complex.  A complex displacement can equivalently be written in terms of a 
magnitude and a phase, meaning there is a phase difference between x(t) and Fapplied(t) that is 
also a function of ω.  Figure 1.2 plots only the magnitude of the NW’s resonant response, 
neglecting the equally-important phase information.  Thus, measuring magnitude alone is not 
sufficient to fully characterize the resonator, and therefore a phase-sensitive detection scheme 
(see Chapter 4) is required.   
An example of such a phase-sensitive resonance measurement is seen in Figure 1.3, where 
instead of magnitude and phase the data is presented as X and Y, i.e., the in-phase and 90° out-
of-phase components of the NW’s transduced response relative to Fapplied.  These components 
correspond to the real and imaginary parts of Eq. (1.4), respectively, given by 
 
  
      ⁄ (  
    )
(  
    )      
  
  
      ⁄   
(  
    )      
  
(1.5) 
The solid line in Figure 1.3 is a simultaneous fit to both X and Y as given by Eq. (1.5).  Note that 
the amplitude transduced into an electrical signal may be phase shifted relative to Fapplied due to 
cable length and phase-shifting readout electronics.  As such, the fit in Figure 1.3 typically 
requires rotating the phase of Eq. (1.5) by some angle θ, so the fit to the phase-shifted transduced 
amplitudes, X’ and Y’, becomes 
 
                
                
(1.6) 
The accuracy of this fit confirms that the simple harmonic oscillator model is a valid 
approximation. 
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Figure 1.3: Example of phase-sensitive NW resonance detection.  Top plot (X) is in phase with 
the drive frequency, while bottom plot (Y) is the quadrature phase, i.e., out of phase, with the 
same NW and resonance parameters as listed in Figure 1.2. 
 
 
11 
 
1.1.3  Resonators as Sensors 
With the line shape and time-dependent response of the NW resonator understood, the next 
question to investigate is how such a device may be used as a sensor.  Many sensing 
applications, e.g., mass or strain sensors, require measuring a change δf0 in f0 [51].  In the case of 
a mass sensor, this change is caused by depositing additional mass on the resonator.  To 
determine the accreted mass from a given δf0, we first note that f0 given by Eq. (1.1) can be 
rewritten as a 1-dimensional harmonic oscillator with      √        ⁄ , where keff is the 
effective resonator spring constant.  Assuming a small added mass δM such that δM « Meff, we 
determine that 
      
    
  
    (1.7) 
Clearly, as Meff decreases and f0 increases, the sensitivity to δM improves.  Because NWs have 
such low masses, typically in the range of picograms, and high resonance frequencies, in the 
range of megahertz, they offer unparalleled sensitivity compared to their larger MEMS 
counterparts [34].  The final factor in determining δM is the lowest observable δf0.  
Measurements of δf0 will be limited by noise [38], and as such it is critical to maximize the 
signal-to-noise ratio (SNR) of the system.  Here is where the amplitude and Q of the resonance 
impact mass sensitivity.  The amplitude defines the signal size, so clearly increasing the 
amplitude increases the SNR.  Hence, it is important to choose a transduction scheme that is as 
sensitive as possible to mechanical motion, i.e., that generates the largest signal for a given NW 
displacement.  This amplitude can further be increased by maximizing the NW’s displacement 
by driving the NW as hard as possible before reaching a nonlinear resonator response. 
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Quality factor also has a substantial impact on δf0.  Typically, the uncertainty of the measured 
f0 will be related to Q, as the narrower the resonance the more precisely its center frequency can 
be determined.  Further, as Q improves the resonance peak narrows, resulting in a larger 
amplitude for a given driving signal.  It is then highly advantageous to have as large a Q as 
possible.  This parameter is more difficult to optimize for NW resonators than MEMS resonators, 
as going to smaller size scales means defects and surface effects have an increasingly deleterious 
influence on Q [37].  Commercially available quartz crystal oscillators, like those used in mass 
microbalances for thin-film evaporators, have values of Q on the order of 10
5 
 - 10
6
 [52].  NW 
resonators, on the other hand, have Q values that typically are in the range of 10
3
-10
4 
[39],[41],[53].  
Any source of energy loss in the system will lead to a lower Q, including but not limited to 
thermoelastic damping [38], adsorbing/desorbing of surface species [54], and defect motion [55].  
While these sources of energy loss will also be present in MEMS resonators, the damping effect 
will be proportionally smaller as the total energy present in a MEMS resonator is significantly 
higher than that of a NW resonator.  Defect motion is of particular concern for NW resonators, as 
many common growth mechanisms for NWs result in relatively high defect densities [56][57].  
Therefore, it is postulated that a higher quality NW with few defects will result in higher Q, and 
therefore a better resonator for sensing applications. 
1.2  GaN Nanowires 
The GaN NWs grown at the National Institute of Standards and Technology (NIST) in 
Boulder by Dr. Kris Bertness offer a chance to investigate just such a higher quality NW.  High 
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resolution transmission electron microscopy (TEM) shows these NWs have a mostly defect-free, 
single crystal structure [58].  As such, they hold promise for high quality resonator devices. 
The GaN NWs are grown, catalyst free, via gas source molecular beam epitaxy on Si (111) 
substrates [59].  The NWs have a wurtzite crystal structure with their c axis along the long axis 
of the NW.  They display a hexagonal cross section, with diameters ranging from 100 nm – 500 
nm and lengths up to 20 µm, controllable by growth time.  By default, the NWs are N-type 
doped with nitrogen, with carrier densities approximately ~10
16
 cm
-3
 for unintentionally doped 
growths, increasing to ~10
18
 cm
-3
 for intentionally doped samples.  Figure 1.4 shows SEM 
micrographs of sample as-grown NWs. 
GaN is an intriguing material to study, as it displays several interesting properties.  First, it is 
a semiconductor with a bandgap of 3.4 eV [60], equivalent to a 365 nm wavelength, meaning it 
possesses potential utility for blue/UV emitting diodes.  This UV bandgap also allows for a 
photoconductivity effect: shining light with a lower wavelength than 365 nm on GaN will excite 
additional carriers, resulting in a UV-sensitive resistance.  Furthermore, GaN displays both 
piezoelectric [61][62] and piezoresistive [63] characteristics, both offering potential avenues for 
reading out a GaN-NW-based resonator device. 
For all of these reasons, GaN NWs hold promise for NW-based resonator devices.  
Resonating a material allows for probing its mechanical properties, such as its elastic moduli and 
piezoelectric and piezoresistive characteristics, while the defect-free nature of these novel NWs 
indicates a potentially high Q value.  Thus, a GaN-NW resonator can both explore the 
fundamental physics behind the mechanical properties of GaN and potentially provide state-of-
the-art sensitivity for sensing applications. These possibilities provide the motivation behind 
further investigating these NWs. 
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Figure 1.4: a) Scanning electron micrograph of as-grown GaN NWs from growth run B982, 15° 
from normal.  b) Overhead view of a single GaN NW from growth run C141.   
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1.3  Thesis Outline 
The next chapter will discuss our initial resonance experiments performed on the as-grown 
NWs inside an SEM, in which we observe impressively high Q values.  In the interest of having 
a practical device without the need for an SEM, we then move from the as-grown geometry to a 
doubly-clamped device geometry.  The devices are fabricated using a combination of 
lithographic patterning and dielectrophoresis to suspend NWs over gaps 5 µm – 10 µm wide, as 
described in Chapter 3.  Of the drive techniques mentioned in Section 1.1.1 (mechanical, optical, 
magnetomotive, or electrostatic), electrostatic was chosen as the most suitable for an on-chip 
device, as it requires only an ac voltage with no moving mechanical parts, laser setup, or strong 
magnetic field.  Similarly, of the readout transduction techniques (SEM-based, Faraday 
induction, optical, piezoelectric, and piezoresistive), a purely electronic readout without large 
magnetic fields limits the options to piezoelectric or piezoresistive.  Which of these is utilized 
depends largely on the NW material properties, and as GaN is expected to have a relatively large 
piezoresistive factor, that becomes our transduction method. 
Chapter 4 will explore the piezoresistance of these GaN NWs, the electrostatic drive, and 
how these effects combine to produce an entirely electronic drive and readout of NW vibration.  
Chapter 5 details how to use the measured resonance parameters as sensors for the NW’s 
environment, including measurements of thermal Brownian motion, response at cryogenic 
temperatures, and techniques involving exponential decay after burst drive.  Chapter 6 will 
analyze the noise present in the NW resonators, with significant implications for how to optimize 
sensor performance.  Finally, Chapter 7 will summarize the key results and discuss potential 
avenues for further research. 
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Chapter 2 
2 As-grown GaN NW Resonators 
 
To provide a proof-of-concept that these NWs might make exceptional resonators, our 
preliminary investigations involved measuring the as-grown NWs using an SEM technique.  This 
is a useful technique for prototyping resonators, as it requires no complicated fabrication and 
results in immediate data, though at the cost of being impractical for most applications (which 
typically will not have the luxury of an SEM).  These studies were performed jointly by the 
author and Dr. Shawn Tanner [65].  
To actuate the mechanical motion of the NWs, we affix an approximately 1-cm
2
 piece of the 
as-grown NW wafer to a piezoelectric lead zirconate titanate (PZT) shaker.  A typical NW wafer 
will have roughly 1 NW every 1 µm
2
 – 10 µm2 (highly variable depending on growth 
parameters), meaning the single 1 cm
2
 piece will have on the order of 10
6
 – 107 NWs available 
for resonance testing.  This large number of samples is advantageous, as the NWs are all unique 
with different diameters, often ranging from 50 nm to 500 nm on a single wafer.  Length can 
likewise vary, though typically only by ~10% across a wafer.  The variation in NW dimensions 
produces a broad spectrum of possible resonance frequencies, but the measurable frequency 
range is limited to the bandwidth of the SEM’s detection electronics, on the order of 3 MHz.  
While < 10% of the available NWs might have values of f0 below 3 MHz, and of those only 10% 
may be isolated enough and experience a sufficient drive force from the piezoelectric to resonate, 
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the large number of NWs on a single wafer means even a 1% yield produces an abundance of 
viable resonators. 
A schematic diagram of the SEM detection scheme is provided in Figure 2.1.  The entire NW 
wafer will move at the frequency of the rf voltage applied to the PZT; when this frequency 
corresponds to the resonance frequency of a particular NW that NW will begin to resonate.  To 
detect this motion, we focus the electron beam of the SEM into a single spot on the edge of a 
NW.  A stationary NW will emit a steady number of secondary electrons that will be collected in 
the scintillator/photomultiplier tube (PMT) detector.  However, if the NW vibrates, the periodic 
motion in and out of the path of the electron beam will modulate the number of emitted 
secondary electrons at the resonance frequency of the NW, which will be recorded by the PMT 
and then detected either with a spectrum analyzer or rf lock-in.   
The resonance can easily be found by driving the PZT with white noise.  If the amplitude of 
noise is sufficient to induce vibration, a resonance peak at f0 will appear in the power spectrum of 
the PMT’s output.  Once f0 is known, the drive may be switched from white noise to a single 
frequency and swept through the resonance.  The PMT output can then be measured with an rf 
lock-in to provide phase-sensitive (with respect to the PZT driving voltage) detection, as 
discussed in Chapter 1.1.2.  Figure 2.2 shows an example of the two-phase NW response for the 
lowest two orthogonal modes of vibration for a single NW, both fitted simultaneously to Eq. 
(1.5). 
Both modes seen in Figure 2.2 display Q values around 37,000, up to an order of magnitude 
larger than most comparably-sized NWs at room temperature under vacuum [50],[64].  
Furthermore, while most GaN NWs investigated display Q values in the 10
4
 range, a smaller 
subset of NWs show Q values reaching as high as 10
5
 – 106.  Different NWs will have different 
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Figure 2.1: Diagram of SEM measurement technique for as-grown GaN NWs as described in text, 
adapted from [65].  Measurement may be performed with either a spectrum analyzer in conjunction 
with white noise applied to the PZT (red wires) or with an rf lock-in whose reference is the sine 
wave used to drive the resonance (blue wires). 
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Figure 2.2: Adapted from [65].  a,b) SEM micrographs of the same GaN NW, displaying the two 
orthogonal lowest modes of vibration.  c,d) Phase-sensitive resonance curves for the modes seen 
in (a) and (b), respectively.  Note the two modes are split by 63 kHz, likely due to geometry 
asymmetries.  
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Q values because of varying degrees of energy dissipation, likely associated with the number of 
defects located in and around the junction between the NW and substrate.  Figure 2.3 displays 
the power spectral density (PSD) of an example NW driven with white noise with Q ≈ 290,000.  
The solid line is a fit to the squared magnitude of the Lorentzian given in Eq. (1.4), squared 
because the data is reported as power rather than amplitude.  Note that the fit deviates from the 
data slightly near the base of the peak.  We often observe this behavior for very high Q NWs, 
interpreted as a digitization error in the spectrum analyzer when the frequency spacing is not fine 
enough to capture the details of the resonance line shape.  Hence, the reported Q, already orders 
of magnitude higher than expected for a NW of this size, is in fact merely a lower limit (though 
with a caveat discussed below).  As expected, then, the defect-free nature of these NWs, in 
combination with their inert surface that exhibits very low oxidation penetration [66], allows for 
previously-unseen Q values for devices of this size, comparable to commercially-available quartz 
crystal resonators. 
In addition to this high intrinsic Q value, the NWs are also capable of self-driven oscillation 
through the use of feedback, resulting in apparent Q values in excess of 10
6
 even for wires with 
intrinsic Q in the range of 10
4
 – 105.  For this process, the scintillator/PMT output of the SEM is 
split, with half the power going to the spectrum analyzer to measure the resonance peak, and the 
other half feeding back into the PZT.  The NW therefore drives itself, as the PMT output will 
drive the PZT at f0 and reinforce the resonant motion.  If f0 changes, the drive changes 
accordingly, and so the NW remains locked on resonance.  Many resonator-based sensing 
devices, such as the quartz crystal microbalance mass sensor, use such a feedback system to 
track changes in f0 quickly and accurately.  Hence, while the self-driven Q may not represent 
intrinsic Q, it is equally important for many sensing applications [67]. 
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Figure 2.3: Power spectral density of a resonating, high-Q, as-grown GaN NW.  The 
Lorentzian fit (solid line) gives the resonance parameters as f0 = 991.064 kHz and Q = 292,400.  
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We also note that unintentionally-doped NWs are capable of spontaneous oscillation, without 
the presence of an external feedback network.  This is likely a charging effect, where the 
electrons from the e-beam build up on the NW and cause it to deflect due to the piezoelectric 
properties of GaN, at which point the electrons slowly dissipate through the substrate, allowing 
the NW to return to its unstrained position.  The cycle then repeats, resulting in a local feedback 
mechanism even in the absence of an intentionally-applied driving force.  This effect is not seen 
in highly doped NWs, where presumably the NWs are conductive enough to limit the charge 
build-up.  The caveat mentioned for the Q value in Figure 2.3 then is that we cannot distinguish 
whether this is an intrinsic Q or self-driven oscillator Q.  Nonetheless, the typical Q values of 10
4
 
even for doped NWs offer strong evidence that these NWs make excellent resonators and merit 
further investigation. 
2.1  As-grown NW Mass Sensors 
With such a high Q value for such a small resonator, Eq. (1.7) implies a NW-based mass 
sensor should exhibit an extremely fine mass sensitivity.  To test this, we utilized a single NW as 
a mass sensor in situ inside the SEM.  The mass was deposited on the NW through electron 
beam-induced deposition (EBID), wherein the electron beam of the SEM decomposes 
hydrocarbons in the chamber and the resulting amorphous carbon adsorbs on the NW’s surface 
[68].  Even though the SEM chamber is under vacuum at 10
-7
 Torr, this is still a sufficient 
pressure for deposition. 
While the mass is deposited, the NW is driven into oscillation through the feedback 
mechanism discussed earlier and f0 is recorded as a function of time, as seen in Figure 2.4.  The  
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Figure 2.4: Adapted from [65].  a) An as-grown NW’s resonance frequency over time, 
displaying a linear slope of -1.7 Hz/s due to electron beam-induced deposition of amorphous 
carbon.  Inset: The residuals of the linear fit, with a standard deviation of 1.7 Hz.  b) An SEM 
micrograph showing the accumulated mass at the end of the NW.  Calculations based on the 
observed frequency shift in (a) suggests this deposit has a total mass of 30 ag. 
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resonance frequency decreases linearly over time as mass is steadily deposited.  To determine the 
total deposited mass from this frequency shift we must also know the effective mass of the NW.  
This may be estimated from the approximate dimensions of the NW as determined by SEM 
images (~8 µm length and 100 nm diameter), along with the known density of 6.15 g/cm
3
 for 
GaN, for a total mass of approximately Mtot ≈ 0.4 pg.  The effective mass for a singly-clamped 
cantilever beam is approximately Meff ≈ 0.24Mtot [69], or 0.07 pg.  Applying Eq. (1.7), where f0 = 
1.7818 MHz and δf0 ≈ 300 Hz over the 3-minute experiment then results in a total accumulated 
mass δM ≈ 30 ag (1 ag = 10-18 g).   
The minimum detectable mass, δMmin, is limited by the minimum measurable δf0, which we 
determine by computing the standard deviation in f0 of the residuals to the linear fit, resulting in a 
minimum δf0 of 1.7 Hz in a 1 second measurement period.  This translates to δMmin ≈ 0.2 ag, 
equivalent to the weight of a single large protein [70].  This mass resolution could be further 
improved by selecting a smaller, less-massive NW with a higher resonance frequency than the 3 
MHz limit the SEM electronics are capable of detecting. 
2.2  Doubly Clamped GaN NW Resonators 
The as-grown NWs demonstrated exceptionally high Q values and utility for sensing devices.  
However, because of the SEM’s frequency limitation, the possibility for unintentional driven 
oscillations, and the inconvenience of an SEM for practical applications, it becomes highly 
advantageous to find an alternative transduction scheme.  To that end, the rest of this thesis will 
be devoted to fabricating and measuring doubly clamped GaN NW resonators with entirely 
electronic drive and readout methods. 
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Chapter 3 
3 Fabricating Doubly Clamped Resonators 
 
Fabrication of doubly clamped GaN NW resonators requires several sequential processing 
steps, the specific details of which vary depending on a number of factors.  In general, the steps 
proceed in the following order: 1) electrode fabrication, 2) NW mounting, and 3) Ohmic 
clamping.  Step 1 involves a combination of photolithography and electron-beam (e-beam) 
lithography to fashion the electrodes upon which the NW will be placed.  For details on 
photolithography and e-beam lithography processes, see Appendix A.  Step 2 utilizes 
dielectrophoresis to suspend a NW across the previously-defined pads.  Finally, step 3 finishes 
the device by depositing the Ohmic-contact clamping metal on the ends of the NW. 
3.1  Electrode Fabrication 
3.1.1  Wafer Selection and Preparation 
Before electrode fabrication begins, one must first decide on the material of the substrate.  
This will play a large part in further processing steps and the measurement itself, and is the first 
source of design variation.  This project utilized two substrate materials: silicon and sapphire.  
Silicon substrates offer the easiest fabrication, while sapphire offers the cleanest measurements.  
These differences are largely attributed to the different conductivities of silicon (finite resistance) 
and sapphire (nonconductive). 
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Conductivity of the substrate impacts e-beam lithography substantially.  With a 
nonconductive substrate, the electrons from the electron beam of the SEM have no path to 
ground, resulting in significant charging that makes e-beam lithography impossible.  To get 
around this, one must deposit a charge dissipation layer (typically ~10 nm of aluminum) on top 
of the e-beam resist, to be etched after lithography.  Conductive substrates bypass the need for 
this extra processing step.  Furthermore, conductive substrates are better at preventing charge 
from building up on the electrodes over time, leading to a much lower likelihood of electrostatic 
discharge (ESD) destroying devices (which is a leading difficulty in this fabrication process). 
The disadvantage of conductive substrates is additional background in electrical 
measurements, potentially obscuring any signal of interest.  This background arises from 
capacitive “bleedthrough” coupling between the electrodes and the substrate.  For details, see 
Appendix B.  The results of Appendix B show that the electrostatic background is more than an 
order of magnitude larger when using silicon substrates rather than sapphire substrates.   
Each substrate therefore has its own advantages and disadvantages.  Typically, for NW 
devices intended for high-frequency resonance measurements, sapphire offers the better option 
due to the reduced electrostatic bleedthrough.  For low-frequency resistance or piezoresistance 
experiments, however, the capacitive bleedthrough is negligible and silicon wafers are 
preferable.     
The silicon wafers were purchased from Virginia Semiconductor.  They are 350 μm thick, 2” 
diameter, oriented in the <100> direction, and coated with a half-micrometer thermal oxide.  To 
limit the conductance of the substrate, and hence reduce bleedthrough, the wafers are undoped 
with a resistivity > 1000 Ω-cm.  The sapphire wafers were purchased from University Wafer.  
They are 430 μm thick, 2” diameter, and c-plane oriented.  Both styles of wafers must be at least 
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single-side polished (and in the case of sapphire, double-side polished enables future optical 
transmission measurements).   
With a substrate chosen, the next step is to dice the substrates into appropriate sizes.  My 
devices are all designed for a 1” square wafer, meaning from a 2” diameter circular substrate I 
dice two approximately 1” wafers.  A 3” diameter substrate results in 5 wafers, while a 4” 
diameter substrate yields 8 – 12 wafers, depending on how the substrate is cut.  For details on the 
dicing process and diagrams of cuts, see Appendix C. 
With the substrates diced, the final preparatory step is cleaning.  Our standard cleaning recipe 
involves soaking the wafer for 5 minutes in acetone, then 5 minutes in isopropyl alcohol, and 
finally 5 minutes in water, with each soak taking place inside an ultrasonic.  Afterwards, the 
wafer can either be spun dry at 3000 rpm for 45 seconds or blown dry using compressed 
nitrogen.  Finally, it can be advantageous, though not necessary, to bake the wafer for 5 minutes 
above 100° C to ensure the surface is free of water, which can interfere with photolithography. 
3.1.2  Photolithography 
The macroscopic electrodes are fabricated using photolithography, with the particular 
electrode pattern defined by the photolithography mask used.  I have used two different masks 
during the course of this project.  The first mask is labeled “Shawn1” with serial number BGF02 
and was designed by Shawn Tanner in 2002 for his thesis work [71].  The second mask I 
designed in 2010 and is labeled “Nanowire1.”  The two masks are shown in Figure 3.1.   
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Figure 3.1: Masks used for electrode fabrication. a) Shawn Tanner’s “Shawn1” mask adapted 
from [71].  b) Close-up of device region for “Shawn1” mask adapted from [71]. c) The author’s 
“Nanowire1” mask.  d) Close-up of device region for “Nanowire1” mask.  The red scale bars 
represent 1”, 20 µm, 1”, and 50 µm, respectively. 
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The "Shawn1" mask consists of two parts as seen in Figure 3.1(a): the electrodes on top and 
an edge-bead removal pattern on bottom.  Edge-bead removal removes the thicker resist around 
the borders of the wafer prior to lithography to improve mask contact, and hence resolution [72], 
but proved unnecessary for this processing.  A blown-up view of the center of the pattern is seen 
in Figure 3.1(b).  This design provides 3 matching sets (each with its own alignment marks) of 3 
pairs of leads, for a total of 18 electrodes.  This allows for 3 or more NW devices on a single 
wafer.  Note that all 18 electrodes are connected by a thin border.  This border serves to short all 
of the electrodes together, thus minimizing the chances of ESD destroying devices.  It is 
advantageous to keep this border intact for as long as processing allows (typically until 
immediately before NW mounting), at which point the connections may be etched or scribed. 
The central leads are purposefully generic with a wide spacing between pairs (20 μm) to 
allow the user to define the central pattern using e-beam lithography.  It is much simpler, faster, 
and cheaper to modify an e-beam lithography pattern than to fabricate an entirely new mask for 
every possible design.  This mask pattern can therefore be used for a variety of devices, from the 
hairpin cantilevers of Shawn Tanner to my NW resonators. 
The "Nanowire1" mask, alternatively, was designed for these NW resonator experiments.  
The mask consists of 4 sections as seen in Figure 3.1(c), only one of which is used at a time.  The 
4 quadrants offer variations on a similar design, with the user deciding which will best suit his 
needs.  For this project I only used quadrant 2, seen in close-up in Figure 3.1(d).  This provides 
only 4 electrodes rather than the 18 of the "Shawn1" mask, restricting the wafer to only 1 NW 
device but allowing the electrodes to be spread much further apart.  This dramatically reduces the 
parasitic capacitance between the NW and gate electrodes from 0.2 pF to 7 fF (see Appendix B), 
therefore reducing the bleedthrough background by more than an order of magnitude.   
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The left and right electrodes serve to suspend the NW, the bottom electrode forms the 
electrostatic gate, and the top electrode may be used to cancel out a portion of the parasitic 
bleedthrough.  The mechanism for this cancelation is as follows: The top electrode duplicates the 
7 fF capacitance of the bottom electrode to the NW leads, so by applying an equal but opposite 
signal to the top electrode as to the bottom the two sources of bleedthrough largely null each 
other out.  In order to not null out the driving force felt by the NW, an asymmetry is introduced 
wherein the bottom electrode is much closer to the NW (< 1 µm) than the top electrode (5-10 
µm).  Thus, the bottom electrode provides the majority of the driving force.   
The left and right electrodes are 20 µm apart, allowing me to define a narrower gap with e-
beam lithography similar to the “Shawn1” mask.  Quadrant 1 provides the same pattern as 2, 
except both top and bottom electrodes end further away from the NW electrodes.  This allows 
the user to adjust the gate spacing with e-beam lithography, but for my measurements the 
spacing of quadrant 2 proved adequate.  Quadrant 3 has a different gate electrode arrangement 
designed for exciting higher modes of vibration for a project yet to be investigated.  Finally, 
quadrant 4 eliminates the gate electrodes and leaves only the NW electrodes. 
Deciding which of the two mask sets to use is a tradeoff between ease of fabrication and 
lower background noise, just as in the case of the substrate material.  The “Nanowire1” mask 
offers a lower bleedthrough background because of its much lower parasitic capacitance, while 
the “Shawn1” mask allows for quicker fabrication, capable of having 3 devices per wafer instead 
of 1.  Further, there is less chance of an ESD event on the “Shawn1” mask due to its shorting 
border.  The high likelihood of ESD explosions can be mitigated on the “Nanowire1” mask by 
adding another step to the processing: before photolithography, deposit a very thin (~10 nm) 
border of chromium on the wafer by covering the center with a piece of tape during deposition.  
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This serves to electrically connect all 4 electrodes through a high enough resistance (typically 
~10 kΩ) that it does not interfere with the later dielectrophoretic mounting step.   
After deciding on a mask suitable for the intended application, we proceed with the 
photolithography.  The patterning can be done with either a negative photoresist (resist remains 
in exposed areas) or positive photoresist (resist washes out of exposed areas).  See Appendix A 
for more details.  A negative resist results in a lift-off procedure, where the resist is applied to a 
bare wafer and then patterned, coated with the desired metal, and dissolved to allow the 
unwanted metal to lift off the substrate.  A positive resist results in an etching procedure, where 
the desired metal is deposited on the wafer, then the resist is applied, patterned, and submersed  
in an etch to remove the metal everywhere except the resist-protected pattern.  I found the 
negative resist, using Futurrex NR7-1500PY, to result in easier and more reliable patterning.   
The lithography proceeds with the standard recipe given in Appendix A.1.  This process 
includes cleaning, resist spinning, a soft bake, exposure, a hard bake, and development.  The 
exposure takes place on either the Quintel aligner in the John Price cleanroom or the Karl Suss 
aligner in the Keck Lab.  The development time is somewhat variable, as it is influenced by the 
exposure parameters and even the material of the substrate itself.  Silicon wafers typically 
require 11-13 seconds, while the sapphire wafers need only 7-9 seconds.  When modifying any 
parameters of the lithography process, including the substrate material, it is often advisable to 
develop for a shorter time than listed and inspect the pattern under an optical microscope with a 
UV filter in place.  The pattern can then be developed sequentially to achieve the desired level of 
undercut.  For an explanation of undercut, see Appendix A.  At least half a micrometer worth of 
undercut is recommended to ensure a clean lift-off.  Examples of developed wafers from both 
masks can be seen in Figure 3.2. 
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Figure 3.2: a) Photolithography and b) metallization for the “Shawn1” mask.  c) 
Photolithography and d) metallization for the “Nanowire1” mask.  The red scale bars each 
represent 20 µm. 
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After development, the wafer should undergo a reactive ion etch (RIE) cleaning.  If even a 
monolayer of resist remains in the pattern, the adhesion of the pending metallization to the 
substrate will suffer.  A cleaning using 50 sccm (standard cubic centimeter per minute) O2 at 
50W for 2 minutes in the Axic PlasmaSTAR RIE in the Keck Lab is often sufficient to ensure a 
bare wafer surface without damaging the resolution of the lithographed pattern.  While this step 
is recommended, it can be skipped if adhesion is not generally a problem for the particular 
application. 
Next, the wafer must be loaded in an evaporator for the desired metallization.  Our lab has 
two evaporators, one thermal and one e-beam.  For more details, see Appendix D.  Either 
evaporator is viable, though the thermal evaporator requires significantly less pump-down time 
and is therefore much quicker.  The e-beam evaporator is recommended for higher melting-point 
materials, such as titanium, that are difficult to evaporate thermally, and applications requiring a 
lower base pressure. 
There are several possibilities for the metallization at this stage.  The two most common I 
employed were either chrome/gold (10 nm/100 nm) or chrome/aluminum (10 nm/100 nm) 
bilayers.  The chromium promotes adhesion between the gold or aluminum and the substrate.  
Both gold and aluminum have their own advantages and disadvantages.  Gold is easy to see in an 
SEM due to its high density, making e-beam lithography easier because of brighter alignment 
marks.  However, it is expensive and cannot be annealed at very high temperatures without 
causing damage to the electrodes.  Aluminum makes e-beam lithography more difficult but it can 
be annealed, though this will often form aluminum oxide that can complicate electrical 
measurements, and it is quite inexpensive.  Unless cost is a concern or high-temperature (> 600 
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K) annealing is required (and in the case of these devices it typically is not), gold is preferable 
over aluminum. 
After the metal is deposited, the final step of the photolithography process is lift-off.  This 
involves stripping the resist to remove the unwanted metal.  For this process, I immerse the 
wafers in Remover PG from Micro-Chem.  Heating the solution to 70° C improves the lift-off 
speed, as does occasional agitation (either through stirring or sonication).  Complete lift-off may 
take anywhere from 10 minutes to several hours, depending on the amount of the wafer covered 
by metal, the size of the pattern, and the particular lithography recipe. 
Once lift-off is complete, the wafer is cleaned with my standard cleaning recipe (sonication 
for 5 minutes in acetone, 5 minutes in isopropyl alcohol, and 5 minutes in water).  The wafer is 
then blown dry by compressed nitrogen and inspected under an optical microscope.  Examples of 
gold metallization from both mask sets can be seen in Figure 3.2 (b) and (d). 
3.1.3  E-beam Lithography 
After depositing the macroscopic electrodes with photolithography, we define the specific 
device geometry with e-beam lithography.  Because e-beam lithography is a maskless process, 
the geometry can be trivially changed from one wafer to the next.  Thus, I was able to investigate 
many variations of device geometry throughout the course of this project.  Regardless of the 
particular variation, though, the steps proceed similarly.  The procedure starts with a bi-layer 
resist system followed by a lift-off process, similar to that required for photolithography.  The bi-
layer resist system allows for a higher degree of undercut than a single layer can provide, thus 
improving the success rate of lift-off.   
The particular recipe for lithography will follow one of the two listed in Appendix A.2.  
Which of the two recipes to use depends on the metallization present on the wafer: if there is 
35 
 
aluminum, the EL9/PMMA A4 process should be used, otherwise the LOR5A/PMMA A4 
process is preferable.  This is because the developer for LOR5A (XP 101A Developer from 
Micro-Chem) etches aluminum.  EL9, on the other hand, develops in the same solution as 
PMMA A4 (MIBK/IPA 1:3 also from Micro-Chem).  This eliminates any damage to aluminum, 
but reduces the user’s control over the amount of undercut.   
After the appropriate resist is spun on the wafer and baked using the corresponding 
parameters, the next step depends on the wafer material.  If the wafer is sapphire, it must undergo 
a metal evaporation for a charge dissipation layer, typically 10 nm of aluminum.  If the wafer is 
silicon, however, this step can be skipped and instead we proceed directly to exposure. 
The detailed exposure technique is given in Appendix A.3.  In general, this involves loading 
the wafer in the SEM, focusing on the gold standard of the wafer holder, ensuring the wafer is 
properly aligned, finding the alignment marks, blanking the e-beam (by deflecting it away from 
the substrate with a voltage applied in the e-beam column), moving to the patterning area, and 
enabling the pattern writing software (NPGS).  Three user-defined files control the pattern 
writing: an alignment file, a pattern file, and a run file.  The alignment file is specific to the 
photolithography mask used, designed to unblank the beam only in the regions of the deposited 
alignment marks.  The pattern file defines the exposure geometry, analogous to the mask used in 
photolithography.  Finally, the run file determines the exposure parameters.  For a list of 
parameter values, see Appendix A.4.   
After having initialized all the values, the only parameter that varies from one exposure to 
another is the dosage.  This defines the amount of charge that will be deposited in each part of 
the pattern, in units of μC/cm2 for an area dose or nC/cm for a line dose.  If this dosage is too 
high then the pattern becomes overexposed, resulting in much broader features than intended.  If 
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the dosage is too low, then the pattern will not develop properly.  Unfortunately, there is not a 
single defined dosage as in photolithography.  Instead, the dosage depends on the size and 
geometry of the pattern.  This geometry dependence is because the dosage is not entirely 
localized to the spot of the e-beam.  Rather, the electrons will create a shower of lower-energy 
electrons within the resist, spreading the charge to a much wider area.  This effectively means 
neighboring points expose each other.  Hence, the larger the pattern the less each individual point 
needs to be exposed.  For a feature > 5 μm2, a reasonable dose is 350 μC/cm2.  Smaller features 
will require higher doses, e.g. 450 μC/cm2 for a feature less than 1 μm2.  These are not strict 
rules, however.  Geometry and proximity of features can also influence the dosage.  Thus, while 
an educated guess may be made as to the appropriate dosage, there will always be some amount 
of trial and error. 
After exposure the wafers are developed according to Appendix A.2.  The wafers then 
undergo the same RIE cleaning as recommended after photolithography (50 sccm O2, 50 W, 2 
minutes).  Finally, they are inspected under an optical microscope to verify full development and 
adequate undercut.  Examples of developed patterns for the two most common geometries I used 
are seen in Figure 3.3 (a) and (c). 
To finish the e-beam lithography process, the wafers undergo another metallization.  This 
metallization went through several iterations, the most successful of which were 
aluminum/titanium (450 nm/50 nm) or chrome/gold (50 nm, 450 nm).  Titanium is advantageous 
due to being one of the few metals that will form a low-resistance Ohmic contact with GaN 
[73],[74], though because it can oxidize, electrical contact is sometimes difficult.  Gold will not 
form an Ohmic contact, but as long as the top layer of clamping metal (discussed later) is 
titanium, this is not such a disadvantage.  Further, gold is simpler to evaporate than titanium,  
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Figure 3.3: a) and c) E-beam lithography of NW mounting pads on “Shawn1” and “Nanowire1” 
patterns, respectively.  b) and d) After gold deposition on wafers (a) and (c), respectively.  
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needing only the far-quicker thermal evaporator (~10 minutes of pumping) versus the overnight 
pumpdown of the e-beam evaporator.  As such, the chrome/gold metallization typically proves to 
be the superior choice, and is seen in Figure 3.3 (b) and (d). 
These pads are required to be relatively thick in order to adequately suspend the NWs above 
the substrate.  If the NW is suspended by less than 200 nm, the surface tension of an evaporating 
drop of liquid, such as isopropyl alcohol or water, would flex the NW to the substrate, at which 
point van der Waals forces would cause it to be irrevocably fixed.  This can be avoided by using 
a critical-point dryer whenever the wafer is exposed to liquid, but this proves to be unfeasibly 
time consuming as the NW mounting process often involves immersing the wafer in liquid in 
excess of 20 times.  The far simpler solution is to ensure the NW is suspended significantly high 
enough that surface tension forces are insufficient to adhere it to the substrate. 
3.1.4  Nanowire Electrode Design 
The geometry of the NW electrodes seen in Figure 3.3 warrants further discussion.  The 
“Nanowire1” mask was explicitly designed for NW resonance measurements, and as such there 
are few modifications needed with e-beam lithography.  The primary modification over which 
the user has control is the distance between the two electrodes, which defines the suspended 
length of the NW.  This length has a critical impact on NW mounting and resonance.  The 
shorter the length the easier mounting will be (discussed next section), but also the higher the 
resonance frequency and force required for actuation.  For the sake of resonance measurements, 
then, the optimum length is the longest that still permits feasible mounting.  This length is 
typically 8 μm for 12-15 μm long wires such as the C023 growth run, or 10 μm for 15-20 μm 
long wires such as the B982 sample. 
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The “Shawn1” mask, on the other hand, was designed generically to be suitable for a variety 
of applications.  As such, significantly more variation is possible.  The pattern seen in Figure 3.3 
(a) is my most common geometry, again allowing the user to adjust the gap length for the 
specific NWs to be mounted.  This pattern is a pseudo 4-point measurement, where we have 4 
points of contact to the NW electrodes but still only 2 to the NW itself.  4-point measurements 
are useful for factoring out contact resistances [75],[76], so while we are not able to eliminate the 
contact resistance to the NW, we can eliminate the resistance from the contact of the 
measurement probes to the electrodes themselves.   
Furthermore, this geometry has the advantage of verifying electrical contact between the 
photolithographed and e-beam lithographed electrodes.  Occasionally, particularly when the 
photolithography pattern contains an oxidizing metal like aluminum, the two electrodes will 
clearly overlap and yet not display electrical continuity.  This manifests itself during the 
mounting process when the NWs exhibit no attraction to the central NW electrodes, because 
without an electrical connection, dielectrophoresis will not work.  With this electrode design, 
however, the electrical continuity can be tested before the mounting process, and if the 
metallization layers do not conduct, a large enough voltage (~10 V) applied across neighboring 
connected electrodes may locally anneal the connection and produce an Ohmic contact.  
Resistances of the electrode junctions may then go from several megaohms to 10's of ohms. 
Alternate e-beam lithographed patterns are seen in Figure 3.4, with each variation designed 
for a specific purpose.  The three sets of electrodes seen in Figure 3.4 (a) are intended to allow 
for three NW devices across each of the three sets of central leads, allowing a total of nine NWs 
per wafer.  This enables high throughput for mounting, but comes at the cost of electrodes for an 
electrostatic gate.  Thus, this pattern is useful for optimizing mounting parameters (including gap  
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Figure 3.4: E-beam lithographed pattern variations designed for a) piezoresistive measurements, 
b) 4-point measurements, c) supporting pedestal, and d) gate post, as described in the text.  
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spacing, as each of the nine pairs of electrodes may be designed with a unique spacing) and 
taking electrical/piezoresistive data from multiple NWs.  However, the lack of a gating structure 
eliminates the possibility of resonance measurements. 
The pattern in Figure 3.4 (b) is a true 4-point measurement, as opposed to the pseudo 4-point 
probe discussed above.  While this geometry is useful for factoring out the oftentimes significant 
contact resistance to the NW, in practice it introduces substantial fabrication difficulties.  
Primarily, this design interferes with mounting.  It becomes exceedingly difficult to ensure a NW 
lands across all 4 pads, particularly with the more complicated electric field generated by the 
more complicated geometry.  Often a NW will only make contact with 2 or 3 of the 4 electrodes.  
Further, with the addition of two extra contacts to the NW, far less of the NW remains to be 
freely suspended, making resonance measurements next to impossible.  Finally, the NWs are 
often tapered or bowed, meaning from an overhead view the NW might be in position over the 4 
electrodes, but tilting the device 90° reveals the NW will be elevated above one or more 
electrodes.  Thus, while this geometry might offer improved electrical measurements, this benefit 
is typically outweighed by the rarity of a successful fabrication.  
The geometry in Figure 3.4 (c) reverts back to the preferred pseudo 4-point measurement, 
with the addition of a chrome/gold pedestal where the NW is to be suspended.  This pedestal is 
deposited in the same lithography step as the NW electrodes.  It offers mechanical support to the 
NW during the mounting process, eliminating the risk of surface tension and van der Waals 
forces adhering the NW to the substrate and allowing the NW electrodes to be thinner than the 
usual half micron.  After the NW is mounted and Ohmic contacts are deposited, another layer of 
e-beam lithography and metallization attaches this pedestal to the gate electrodes.  A final layer 
of e-beam lithography creates an opening around the pedestal.  We then etch the gold out from 
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underneath the NW, leaving only the chromium behind, and critical-point dry the wafer.  The 
thickness of the gold then determines the height of the NW over the chromium, now the 
electrostatic gate, allowing for an arbitrarily close suspension.  The closer the NW is to the gate, 
the larger the driving force a given gate voltage will create.  This enables resonance actuation 
with much lower gate voltages, and because the background signal is proportional to the gate 
voltage this improves the signal-to-noise ratio of resonance measurements. 
However, the downside to this geometry is the several steps of lithography required after the 
NW is in place.  Every additional step is another chance to destroy the device through ESD, or 
contaminate the surface of the NW (particularly through etching a metal in direct contact with 
the NW).  Contamination on the NW’s surface degrades its resonance performance, as will be 
shown in Chapter 5.  Therefore, it is advisable to limit the number of fabrication steps after the 
NW is suspended.  To that end, we developed the fabrication process seen in Figure 3.4(d).  
While this looks similar to Figure 3.4(c), there is a large difference in fabrication.  Rather than 
being a pedestal for the NW to rest on, this new post is designed solely to be an extension of the 
to-be-deposited gate.  Rather than depositing the post during the NW electrode lithography step 
like the pedestal was, the post is deposited during its own lithography step.  This allows it to be a 
different height than the NW electrodes, and by depositing it much thinner we eliminate the need 
for an etching process.  Furthermore, the post is not directly underneath but rather offset from the 
intended NW bridging point, designed to alleviate concerns of surface tension and van der Waals 
forces adhering the NW to the post.  The post allows a much closer gate-NW spacing than 
fabricating the gate after the NW is in place, and is the recommended geometry for a typical NW 
resonator device. 
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3.2  Nanowire Mounting 
With the electrode fabrication complete, we proceed to nanowire mounting.  We accomplish 
this through dielectrophoresis, a process wherein an electric field is used to guide the NW into 
place.  This technique is commonly employed in the positioning of nanowires [77],[78].  Briefly, 
given NWs suspended in a solvent, an applied electric field will polarize the solution.  As long as 
the NWs are more polarizable, i.e. have a greater dielectric constant, than the solvent, the NWs 
will feel a net force towards increasing field strength [79].  This condition is met as long as the 
NWs are sufficiently doped (carrier concentration ~10
18
 cm
-3
).  Lightly doped NWs (~10
16
 cm
-3
) 
display no dielectrophoretic attraction. 
For this process, we immerse a piece of the as-grown GaN-NW substrate in isopropyl alcohol 
and sonicate it for 5-10 seconds, dispersing the NWs throughout the solution.  We then dispense 
a 10 µL drop of this solution over the lithographic structure.  To generate the necessary electric 
field, an ac voltage is applied to the leads on one side of the wafer with the other side of leads 
grounded.  While the drop evaporates the NWs tend towards increasing electric field, maximized 
where the electrodes are closest together, i.e. at the intended bridging point.   
There are 3 adjustable parameters during the mounting stage that impact the likelihood of 
successfully bridging a NW: ac voltage amplitude, frequency, and NW density in solution.  
Voltage affects the strength of the electric field E, which is directly proportional to the 
dielectrophoretic force.  Typically, the larger the force the more likely it is that a NW will 
successfully bridge the electrodes.  However, caution must be taken to ensure the electric field 
does not exceed the breakdown voltage of the medium (IPA during mounting, air after 
evaporation).  The breakdown voltage of air is a function of pressure and gap spacing, and at 
atmosphere, values range from 30 kV/cm for distances above ~1 mm up to roughly 300 kV/cm 
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for a 10 μm spacing [80].  The maximum 10 V peak-to-peak signal the SRS DS345 function 
generator can output generates a corresponding E between the 10-μm-spacing NW electrodes 
(given roughly by applied voltage V over their separation distance d) of 10 kV/cm, safely below 
the breakdown voltage and suitable for mounting purposes.   
Frequency also has an impact on the dielectrophoretic force.  At lower frequencies (typically 
below 1 kHz), the polar molecules of the solvent can reorient themselves fast enough to keep 
pace with the varying electric field, serving to shield the charge separation of the NW and 
resulting in a lower force [77].  Higher frequencies therefore result in higher forces and hence 
quicker mounting times.  However, the quickest mounting time is not necessarily the most 
desirable.  This is because the NWs must be given sufficient time to reach the central electrodes, 
as the electric field is a relatively short-range force.  Normally, as the solution evaporates the 
surface tension of the IPA drags suspended NWs near enough to the central electrodes to be 
properly captured.  If the dielectrophoretic force is too high, though, the fringing fields from the 
borders of the photolithographed electrodes prove strong enough to capture NWs before reaching 
the proximity of the e-beam lithographed electrodes, as seen in Figure 3.5.  While applying 10 V, 
a frequency of 10 kHz provides a good balance of mounting time and force. 
While both frequency and voltage affect the success rate of suspending NWs, the likelihood 
of suspending a NW strongly depends on the density of NWs in solution.  Even if the 
dielectrophoretic force is sufficiently large, if there are not enough NWs dispensed in the 10 µL 
drop the likelihood of a NW reaching the e-beam lithographed electrodes is exceedingly low.  
Conversely, if the NW solution is too dense then a single mounted NW is very unlikely; rather, 
the NWs tend to clump as seen in Figure 3.6.  Because of this tendency for NWs to clump, NW 
solution preparation is very important.  The as-grown NW wafer to be sonicated should be small,  
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Figure 3.5: Optical micrographs taken during mounting through the IPA/NW solution.  a) Before 
a voltage is applied, one NW floats freely through the IPA while another NW has adhered to the 
substrate through van der Waals forces.  b) Applying a 10 V, 10 kHz signal to the electrodes 
causes the free NW to adhere to the electrode, before having a chance to reach the intended 
mounting site. 
 
 
Figure 3.6: Optical micrograph after a mounting attempt with a very dense NW solution. 
 
46 
 
no larger than 10-20 mm
2
, to limit the maximum number of NWs in solution.  It should be 
sonicated for no more than 5-10 seconds, partly to limit the NW density but also to avoid 
forceful enough sonication that pieces of the matrix layer begin to break off, which also will 
experience the dielectrophoretic force and interfere with mounting.  The NW wafer should be 
removed from the solution at this point, as the solution will undergo future sonication. 
As the solution settles, within hours all the NWs will have agglomerated on the bottom of the 
solution.  At this point, the NW density in solution can be controlled in part by sonication.  The 
duration and power of sonication determines the uniformity of NW density.  Over long periods 
of sonication (> 1 minute) the NWs distribute evenly throughout the solution, i.e. the density at 
the top of the solution is the same as that of the bottom.  With shorter ultrasonic times, however, 
a density gradient develops, with the density decreasing from the bottom of the solution to the 
top.  Choosing the height at which the 10 µL drop is taken therefore increases the chances that 
the drop will have an appropriate NW density. 
Even with voltage, frequency, and density optimized, the mounting is still a highly statistical 
process.  The success rate of achieving a single bridging NW across an intended mounting site is 
typically ~5%, i.e., on average it will take 20 mounting attempts to get a single NW appropriate 
for electromechanical measurements.  The other attempts result in no NWs, multiple NWs, or 
single NWs not suitable for resonating (e.g., due to a large diameter that would require a 
prohibitive driving force, or to misalignment to the gate).  For the attempts that result in no NWs 
near the mounting pads, another drop may be immediately applied.  For the attempts that result 
in multiple NWs, clumps, or unsuitable single NWs, the wafer may be sonicated for ~30 seconds 
to remove the unwanted wires in order to continue mounting.  As such, mounting is a tedious, 
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time-consuming process with a very low success rate.  To improve this yield, we developed a 
novel alignment-trench technique. 
3.2.1  Alignment Trench 
The alignment trench is an extra e-beam lithography step that coats the wafer with e-beam 
resist everywhere except the intended NW mounting point, providing a stencil through which the 
NW must align before it may reach the electrodes, as seen in Figure 3.7.  By adding the 
alignment trench, we find that we can work with large numbers of NWs, capture only a few in 
the alignment structure, and remove excess NWs with a short ultrasonic step.  NWs captured in 
the alignment resist structure occur with roughly 30% yield, requiring application of 
approximately three 10-microliter drops to load each device.  This yield represents a factor of 6 
increase compared to the approximately 5% yield without the trench.   
The processing for the alignment trench proceeds similarly to the previous e-beam 
lithography steps, consisting again of a bilayer resist structure, with two primary differences.  
The first difference is that the borders of the wafer must be coated in Kapton tape to prevent the 
large electrode pads from being coated in resist, allowing electrical contact to the wafer for the 
mounting process.  The second difference is that the bottom layer of e-beam resist, typically 
LOR5A, is spun on slower than normal, i.e., at 1500 rpm compared to the standard 2500 rpm.  
Slower spinning results in a thicker resist layer, increasing from 600 nm at 2500 rpm to 800 nm 
at 1500 according to the LOR5A datasheet.  This added thickness is critical to ensure the trench 
is deep enough to accommodate not only the 500 nm electrodes, but also an approximately 200 
nm-diameter NW.  The top layer of resist is then spun on as normal and the pattern is exposed as 
described in Appendix A.3. 
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Figure 3.7: Example of the e-beam lithographed alignment trench.  The wafer is coated with e-
beam resist which is exposed only in a narrow trench.  During mounting, in order to reach the 
electrodes instead of adhering to the top surface of resist, the NW must align with this trench.  
This trench increases the success chance of achieving a high-quality single NW by a factor of ~6  
compared to a bare wafer surface. 
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The trench over the bare substrate is 200 nm – 300 nm wide.  This trench width selects only 
those NWs with diameters suitable for resonance detection, eliminating thicker NWs and clumps.  
Furthermore, because the trench is parallel to the electrodes, the NW is required to align parallel 
as well, ensuring the NW will not be at an unwanted angle.  This diameter and angle selection is 
one of the key advantages to this technique.  The trench becomes wider over the electrodes to 
allow optical imaging of any NWs in the trench.   
With the alignment trench in place, mounting proceeds similarly to that described previously.  
A 10 µL drop of the NW/IPA solution is dispersed over the wafer with the voltage applied across 
the electrodes.  The IPA drop will evaporate within ~10 seconds, and while the chances of a NW 
aligning through the trench at this point are low, several NWs will be distributed near the trench 
adhered to the top surface of the e-beam resist, as seen in Figure 3.8(a).  At this point, the wafer 
is immersed in IPA and sonicated to jolt the adhered NWs back into solution, all while the 
voltage is still applied to the wafer, as seen in Figure 3.8(b).  This gives the NWs another 
opportunity to align through the trench.  Applying a series of ultrasonic agitation steps of ~10 
seconds apiece dramatically enhances the time each NW has to align before it becomes adhered 
to the resist. 
Once a NW successfully aligns with the trench and reaches the electrodes, the NW will often 
maneuver within the undercut of the lower resist layer.  This is an advantage, as further 
sonication will be unlikely to realign the NW to the trench, meaning the NW is difficult to 
dislodge once in the desired location.  Thus, the wafer can be over-sonicated, removing all 
adhered NWs from the resist surface, yet still retain a single mounted NW within the trench.  
Unfortunately, this also means that if multiple NWs manage to align, it can be exceedingly 
difficult to remove any unwanted NWs.  It is therefore advantageous to inspect the wafer after  
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Figure 3.8: a) Optical micrograph after applying a 10-µL drop of NWs in solution and letting the 
drop evaporate over ~10 sec, while applying 10 V at 10 kHz across the left and right electrodes.  
As a result, several clumps of NWs are adhered to the resist around the trench.  b) Optical 
micrograph after 30 sec of sonication of (a) while applying 10 V at 10 kHz.  The sonication 
knocked the clump of NWs directly above the trench back into solution and recaptured a single 
NW inside the trench.  Note the neighboring clump was adhered strongly enough as to be 
undisturbed by sonication. 
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every sonication step to observe whether any NWs were successfully mounted to limit the 
likelihood of multiple aligned NWs.   
Figure 3.9(a) shows an example optical image of a NW inside the trench.  Note that it may 
sometimes be difficult to ascertain whether the NW is actually within the trench or merely 
resting on the resist surface.  Often, adjusting the focus of the microscope aids in this 
determination: if the resist is thick enough, NWs on the resist surface will be at a noticeably 
different focal length than those within the trench.  Observing whether or not the NW is in focus 
with other nearby NWs on the resist surface then indicates the surface on which the NW is 
resting.  Sometimes this difference is too subtle to determine beyond doubt, at which point the 
wafer may be imaged in an atomic force microscope (AFM).  The AFM’s detailed height 
information unequivocally reveals whether the NW is within the trench or on top of it.  An 
example AFM image showing the NW end clearly within the alignment resist structure is seen in 
Figure 3.9(b). 
This alignment trench technique therefore serves to increase the success chance of a single 
bridging NW and increase the likelihood the NW will be aligned properly and have an 
appropriate diameter for resonance measurements.  Because these advantages result in 
significantly more reliable NW mounting, this extra e-beam lithography processing step is highly 
recommended. 
3.3  Ohmic Clamping 
With the NW successfully in place, the final fabrication step involves depositing metal over 
the ends of the NW for mechanical stability and for Ohmic electrical contact.  For wafers using 
the “Shawn1” mask, there is also an additional step for the gate lithography and metallization  
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Figure 3.9: a) Optical micrograph of a NW within the alignment trench, with neighboring wires 
on top of the resist structure.  b) AFM image of a NW end on one of the gold electrodes, clearly 
within the resist structure. 
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(deposited during the photolithography step for the “Nanowire1” mask).  The Ohmic clamping 
proceeds in one of two ways: 1) using the alignment trench as the mask, or 2) spinning on an 
additional layer of e-beam resist to fill the alignment structure and perform a separate e-beam 
lithography step.  In either case, immediately before metallization the wafer is subjected to 
another RIE clean, again using 50 sccm O2 at 50 W for 2 minutes.  This helps remove residual 
contamination (either from e-beam resist or the NW mounting solution) from the surface of the 
NW, increasing the likelihood of an Ohmic contact and improving its resonator performance.  
The metallization then typically consists of a 50 nm/150 nm titanium/aluminum bilayer, where 
the titanium is thought to provide the Ohmic contact and the aluminum provides additional 
mechanical stability. 
3.3.1  Alignment Trench as Mask 
Using the alignment trench as the mask through which the Ohmic contact metal will be 
deposited has the principal advantage of limiting the number of processing steps required after a 
NW is in place.  Every additional layer of lithography is an additional chance for the NW to have 
its surface contaminated, resulting in lower-quality resonator performance, or to experience an 
ESD explosion, destroying the device entirely.  Thus, this process not only saves time but 
reduces the threat of damaging the NW. 
The difficulty in this technique lies in the risk of depositing metal along the suspended 
portion of the NW, rather than only along the ends over the electrodes as intended.  To mitigate 
this risk, we rely on the fact that a mounted NW will typically rest within the undercut of the 
alignment structure.  The deposition can then be performed at an angle such that the undercut 
shadows the suspended portion of the NW, while the openings over the electrodes are large 
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enough that presumably those segments of the NW will not be shadowed, as shown 
schematically in Figure 3.10(a-c).   
However, even if the suspended NW is shadowed from undesired metal, the substrate is not.  
There is then a risk of connecting the two electrodes through metal deposited on the substrate 
surface.  There are two methods for avoiding this unwanted connection.  First, the evaporation 
may be done at an angle such that one electrode shadows the substrate, as in Figure 3.10(d), thus 
breaking any possible electrical contact.  The second method is more complicated, involving 
spinning a thin layer of e-beam resist on the wafer before the bi-layer alignment structure.  The 
area above the electrodes is then exposed and developed away, leaving the electrodes free for 
mounting but the substrate coated to prevent undesired metal.  The alignment structure may then 
be fabricated as normal.  Both methods are effective at preventing shorting the electrodes, and 
because the first avoids another e-beam lithography step, it is the preferred method.  
Ultimately, then, using the alignment trench as the mask allows one to go immediately from 
successfully mounting a NW to loading the wafer into the evaporator for Ohmic contact 
metallization.  Care must be taken while loading the wafer to ensure the metallization will be 
done at the appropriate angle that will shadow the suspended length of NW and prevent a short 
through the substrate.  It is therefore critical that the evaporator have a variable-angle wafer 
mount.  The metallization may then proceed as described in Appendix D. 
3.3.2  Separately-Lithographed Ohmic Mask 
The above method is not guaranteed to be reliable.  If the angle of evaporation is not precise 
then there is the risk of either depositing metal along the NW, interfering with further electrical 
measurements, or of shorting the NW electrodes together.  As an alternative, we may  
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Figure 3.10: a) Overhead schematic of a NW inside the undercut of the trench, showing the 
direction of metallization necessary to shadow the NW over the substrate (b) without shadowing 
the ends over the electrodes (c), while also shadowing the substrate (d).    
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perform another layer of e-beam lithography to separately define the mask for the Ohmic 
metallization.  This negates the previous method’s advantage of eliminating processing steps 
after the NW is in place, but the added reliability and flexibility of a separate lithography step 
tends to outweigh losing this advantage. 
For this process, once the NW is in place through the alignment structure, an additional 
bilayer of resist is spun on the wafer.  The spinning proceeds identically to the standard 
procedure, with the one caveat that the resist must be allowed to fill in the alignment structure 
prior to spinning (e.g., by dispensing the resist directly over the structure and waiting ~5 seconds 
before spinning).  Otherwise, the resist risks not planarizing the alignment structure, resulting in 
an incomplete fill and interfering with the exposure and development parameters.  Note that, 
occasionally, the NW will be adhered to the electrodes lightly enough that the spinning and 
baking of the e-beam resist results in enough force to dislodge the NW.  This is relatively rare, 
but means the wafer should be inspected under an optical microscope after the resist baking 
process to ensure the NW remains in place.  If the NW has been dislodged, the resist must be 
stripped, the alignment trench refabricated, and the mounting process repeated. 
The e-beam lithography then proceeds as normal, exposing the ends of the NW mounted on 
the electrodes.  In the case of the “Shawn1” pattern, the gate can also be exposed at this time.  
After development, the wafer may be loaded in the evaporator in preparation for the Ohmic 
metallization.  To ensure a complete coating of the NW, the wafer should be steadily rotated 
±30° from normal.  This will ensure coating the facets of the NW that would not otherwise be 
metallized without an angled deposition.  This rotation is an advantage over the alignment-
trench-as-mask technique, where the angle had to be fixed.  Coating the NW on all sides 
increases the surface area of electrical contact, reducing the sometimes-significant contact 
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resistance to the NW.  Care must be taken to ensure that the undercut of the resist system is deep 
enough for the maximum rotation angle so that the side walls of the resist do not get coated, 
which can potentially interfere with liftoff. 
Once the Ohmic (and potentially gate) metal has been deposited, the remaining resist is 
stripped by again soaking the wafer in Remover PG.  Unlike standard resist removal processing, 
sonication may not be used to accelerate the stripping, as sonication risks destroying the 
suspended NW.  The wafer undergoes a final RIE clean, again consisting of 50 sccm O2 at 50 W 
for 2 minutes, to remove any residual e-beam resist.  Figure 3.11 shows examples of completed 
devices.  At this point, the fabrication process is complete and the NW’s electrical and 
mechanical properties may be studied. 
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Figure 3.11: Examples of completed doubly clamped GaN NW devices, starting from a) the 
“Shawn1” photolithography mask and b) the “Nanowire1” photolithography mask.  
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Chapter 4 
4 Piezoresistive Readout and Electrostatic Drive 
 
Before the doubly clamped NW device may be resonated, it is necessary to ensure the chosen 
drive and readout schemes will be appropriate for the given device geometry, and result in a 
measurable transduced signal.  As mentioned in Ch. 1.3, the chosen drive is electrostatic and the 
readout is expected to be piezoresistive, resulting in an entirely electronic, localized device.  A 
schematic of this drive and readout system is seen in Figure 4.1.  Briefly, the principle is as 
follows: An rf voltage, Vrf, applied to the electrostatic gate will excite vibration, while a dc 
voltage, Vdc, applied across the NW will induce a dc current, Idc, due to the resistance of the NW.  
Because GaN is piezoresistive [63], when the NW vibrates its resistance will be modulated at its 
resonance frequency, resulting in an additional rf current, Irf.  This rf current will be proportional 
to the NW’s Lorentzian resonator response [81]. 
The primary requirements for this technique to result in measurable resonances are 1) these 
GaN NWs must be piezoresistive, capable of providing a large enough current on resonance to 
detect, and 2) the electrostatic drive must provide sufficient force to actuate vibration.  We 
therefore proceed to measure the NWs piezoresistance, and then investigate the electrostatic 
drive theoretically and in an SEM. 
60 
 
 
Figure 4.1: Schematic for measuring doubly clamped NW resonators.  Vrf on the gate 
actuates NW vibration, Vdc induces Idc and, on resonance, a piezoresistively-modulated Irf, 
which is proportional to the NW’s resonating displacement.  
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4.1  Piezoresistance   
Piezoresistance refers to a material property wherein mechanical strain causes a change in 
electrical resistance, given by 
   
 
  
  
 
  (4.1) 
where δR is the change in resistance, R is the unstrained resistance, α is the proportionality 
constant known as the gauge factor, and δL/L is the proportional change in length, i.e., strain.  
The gauge factor α is the prominent figure of merit for piezoresistance.  The larger α, the larger 
resistance change a given strain will produce, therefore resulting in a higher transduced signal for 
resonance measurements. 
For a typical macroscopic metal wire, α is on the order of 1.  This is due to the mechanical 
elongation of the wire, where the wire’s resistance is given by      ⁄ , where ρ is the metal’s 
resistivity and A its cross-sectional area.  Increasing L due to tensile strain increases R at 
proportionally the same rate, resulting in α = 1.  There is also the contribution due to A slightly 
decreasing under strain according to Poisson’s ratio ν, where the proportional change in radius 
δr/r of a cylindrical wire is given by          ⁄⁄  [47].  Decreasing the radius then results in 
a related decrease of area    ⁄        ⁄ .  The combination of these area and length changes 
then result in    ⁄  (    )    ⁄ , i.e.,       .  Poisson’s ratio for metals is typically 
0.3 – 0.4 [47],[82], resulting in gauge factors on the order of α ≈ 1.7.  
When considering semiconductors, such as GaN, piezoresistance is somewhat more 
complicated.  In addition to the simple mechanical elongation effect above, strain also changes 
the lattice spacing, and hence band structure, of the semiconductor [83].  This band structure 
shift will modify the material’s bandgap, dependent on the crystal orientation of the 
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semiconductor and the direction of strain.  In the case of silicon (110), e.g., the bandgap 
decreases linearly with increasing tensile strain [84].  A lower bandgap results in a higher carrier 
concentration, serving to lower resistance [85],[86].  Note that this results in a negative gauge 
factor (i.e., increasing strain decreases resistance), rather than the positive gauge factor expected 
for metals.  Bulk GaN exhibits a piezoresistive gauge factor of approximately -20 to -30 for 
carrier concentrations of 10
18
 cm
-3
 [87], the carrier concentration of the GaN NWs studied here. 
4.1.1  Measuring GaN NW Piezoresistance 
Because the physical geometry and carrier concentration of the material will impact the value 
of α, the bulk value cannot be assumed for these GaN NWs.  We therefore measure α of the 
doubly clamped NWs investigated here by recording the resistance of the NW under 
successively increasing tensile strain, noting that according to Eq. (4.1), the relationship should 
be linear with the slope equaling α.  In order to apply the tensile strain, the wafer is subject to a 
three-point bend test, schematically seen in Figure 4.2.  The test involves applying an upward 
force along the center of the wafer, with corresponding downward forces applied along the 
edges.  These forces cause the wafer to bend, increasing the distance between the NW electrodes 
and therefore tensioning the NW.  The strain induced on the NW by flexing the wafer can be 
computed geometrically, assuming the wafer follows a roughly parabolic bend, to give 
   
 
 
      
   
  (4.2) 
where ts is the thickness of the substrate, Ls is the distance between the applied downward forces, 
and Δxs is the displacement of the center of the wafer [71]. 
The bending apparatus used for these tests was fabricated by Shawn Tanner and can be seen 
in Figure 4.3.  The apparatus consists of three separate pieces: two halves of a wafer holder and a  
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Figure 4.2: Three-point bend schematic for inducing strain on a doubly clamped NW.  The 
wafer experiences downward forces along the two outer edges and an upward force in the 
center, displacing the middle of the wafer by Δxs.  Ls is the distance between the contact 
points of the two downward forces, L is the length of the NW, and ts is the thickness of the 
substrate. 
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Figure 4.3: Photographs of the wafer-bending apparatus.  a) Left: top half of the wafer holder, 
including pins for establishing electrical contact to the wafer.  Middle: bottom of the wafer 
holder, with slots for glass rods to serve as the outer contacts for the three point bend.  Right: 
kinematic mount with a Plexiglas knife-edge to serve as the center bending contact.  b) Side 
view of the apparatus assembled, showing the tensioning screw that controls Δxs. 
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kinematic mount.  The wafer rests inside the bottom half of the wafer holder with two glass rods 
placed over the edges of the wafer, serving as the edge contact points for the three point bend, 
with the distance between the rods determining Ls, ~0.88”.  The top half of the wafer holder 
clamps the glass rods in place and provides electrical contact to the wafer, allowing the NW’s 
resistance to be measured while undergoing the bending tests.   
The kinematic mount includes a Plexiglas knife-edge to serve as the center contact point, 
along with a 100 turn-per-inch screw to steadily lower the wafer onto the knife-edge.  The 
displacement of the knife edge corresponds with Δxs, as the glass rods pinning the wafer are 
stationary.  The kinematic stage results in a mechanical reduction in Δxs compared to the 
displacement of the screw by a factor of 10, i.e., every turn of the screw results in Δxs = 0.001”.  
For typical substrate thicknesses of ~350 µm, Eq. (4.2) results in a predicted NW strain of δL/L ≈ 
10
-4
 for every rotation of the screw.  A typical silicon or sapphire wafer can withstand ~10-20 
turns before snapping, resulting in maximum applied strains on the order of 10
-3
. 
4.1.2  NW Resistance 
Before performing the three-point bending test, we first must measure the NW’s unstrained 
electrical resistance.  To measure resistance, an electrometer (see Appendix E) applies a known 
voltage across the NW and measures the current drawn through the device.  Recording both of 
these parameters over a range of applied voltages traces out the current-voltage (I-V) 
characteristics of the device.  Ideally, the NW will display Ohmic resistance, i.e., the I-V curve 
should be linear.  For devices with a significant contact area (> ~1 µm
2
) between the Ohmic-
contact clamping metal and the NW ends, the electrical contact typically is Ohmic, as seen in 
Figure 4.4(a).  A 1-µm
2
 contact area is equivalent to an approximately 5-µm
 
length of a 200-nm 
diameter NW coated with clamping metal, e.g., if the suspended NW segment is 5 µm long, the  
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Figure 4.4: Example I-V curves of different mounted NWs.  a) Curve for a 5-µm suspended 
length, 440-nm diameter NW with a resistance of 19.4 kΩ.  b) Curve for an 8-µm suspended 
length, 220-nm diameter NW with a resistance (defined here as voltage magnitude over 
current magnitude) of 245 kΩ at 4 V. 
 
 
67 
 
NW would need to be at least 15 µm long for 5-µm
 
segments on either end.  As the contact area 
decreases, say by suspending a 12-µm long NW over a 10-µm gap, the resistance of the contact 
becomes more significant, often resulting in rectifying-diode behavior as seen in Figure 4.4(b). 
The I-V curve of the NW is measured in one of three ways:  First, a known dc voltage may be 
swept through a range of values while a digital multimeter records the corresponding dc current 
reported by the electrometer.  Second, to enable lock-in detection (which cannot detect dc 
signals), instead a low-frequency (~100 Hz) ac square-wave voltage with a dc offset may be 
used, where the dc offset is chosen such that the square wave alternates between 0 V and the 
wave’s peak amplitude.  The ac voltage and corresponding ac current are recorded by separate 
lock-in amplifiers, again tracing out the I-V curve of the NW.  Finally, a 1 Hz – 100 Hz ac sine-
wave voltage may be applied to the NW, generating a corresponding sine-wave current, and both 
signals may be recorded with an oscilloscope.  The I-V curve seen in Figure 4.4(a) was taken 
with the oscilloscope method, while the curve in Figure 4.4(b) was taken with the lock-in 
method.  The three different methods produce consistent I-V curves. 
Cleaning the surface of the NW with a reactive ion etch prior to the clamping metallization, 
as described in Chapter 3, increases the likelihood of a linear electrical contact.  Annealing at > 
500° C also has a chance to increase the linearity, but annealing is unreliable and will just as 
likely worsen the electrical contact.  While resistance is ill-defined for nonlinear devices, for 
simplicity, we will define the NW’s resistance as the applied bias voltage over the induced 
current. Therefore, for nonlinear devices, the NW’s resistance will be bias-dependent, often 
decreasing for increasing voltage.  Resistance also heavily depends on the carrier concentration 
of the particular NW growth.  Heavily doped NWs, such as from the B982 growth run with 
concentrations above 10
18
 cm
-3
, exhibit resistances on the order of 3-4 kΩ per µm of suspended 
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NW, while less doped NWs, such as the C023 run with concentrations near 10
17
 cm
-3
, display 
20-30 kΩ/µm. 
4.1.3  NW Resistance Under Strain 
To measure the strained resistance of a NW, we first select those devices with a mostly linear 
I-V curve.  This bypasses any confusion arising from a voltage-dependent resistance and, 
because the linear devices likely have lower contact resistance than the rectifying devices, is 
more likely to report the intrinsic gauge factor of the GaN.  We note, however, that the contact 
resistance even for the linear devices is not necessarily negligible compared to the resistance of 
the NW; as such, gauge factors measured here are lower limits rather than intrinsic values.   
The NW wafer is placed in the wafer holder, as seen in Figure 4.3(a), which is then attached 
to the kinematic mount.  The NW’s resistance is recorded by applying a low-frequency (~100 Hz 
– 1 kHz) ac voltage with the electrometer to the NW in series with a 1-MΩ resistor, resulting in a 
current-biased, rather than voltage-biased, measurement.  The current is reported by the 
electrometer and measured with a lock-in amplifier.  The voltage drop across the NW is then 
recorded with a second lock-in amplifier.  From these current and voltage values the NW’s 
resistance is computed, with successive measurements taken once per second to track resistance 
changes over time.  While this tracking is taking place, the wafer is flexed by actuating the screw 
on the kinematic mount.  To avoid snapping the wafer, Δxs should be no more than the thickness 
of the substrate.  For a 350-µm thick wafer, this corresponds to approximately 9-10 turns of the 
screw.  After this point is reached, the strain is relieved by backing down the screw, ultimately 
leaving the wafer at its unstrained position.   
Figure 4.5 shows an example of this kind of study.  The NW measured here is from the B982 
growth run, suspended over a 5-µm gap with a diameter of 440 nm and Ohmic electrical  
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Figure 4.5: Tracking a NW’s resistance over time, applying ~1x10-4 strain every 20 seconds 
until 200 sec, at which point the strain is removed.  Each discrete jump in strain results in 
discrete resistance steps due to GaN’s piezoresistance. 
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contacts.  A 3 V rms voltage at 1.4 kHz is applied through a 1-MΩ resistor to the NW, resulting 
in 3 µA rms current.  Every 20 seconds, the screw of the kinematic mount is tightened one full 
rotation, resulting in a tensile strain on the NW of ~1x10
-4
 from Eq. (4.2), for 10 turns.  After 
that, the screw is loosened one turn every 20 seconds to relieve this strain.  The NW’s resistance 
displays discrete steps upon tensioning, with those steps being reproduced in reverse as that 
tension is alleviated.  Note that the first and last three steps are not of a consistent magnitude 
with the remaining steps.  This is because the NW is not yet being subject to the full 1x10
-4
 strain 
from each turn.  Rather, the first few turns serve to bring the glass rods (which form the edge 
contacts of the three-point bend) into contact with the top half of the wafer holder, which then 
holds them in place.  Before this point, tightening the screw lifts the wafer rather than flexing it, 
resulting in less-than-expected strain. 
The solid line in Figure 4.5 represents the average resistance value over each 20-second span 
of constant tension.  A plot of the percentage change in average resistance from the unstrained 
value is seen in Figure 4.6, neglecting the first and last three steps where the applied tension is 
unknown, along with a linear fit.  From the fit parameters we may extract the gauge factor α, 
given by Eq. (4.1) as the slope of the line.  For the data presented in Figure 4.6, α = -5.3 ± 0.2.  
The gauge factor is unique to each individual NW, dependent on its dimensions and 
conductivity, with values ranging from -5 to -30 over the approximately dozen NWs measured.  
Thus, α is negative, as expected, and with a magnitude consistent with that of bulk GaN. 
4.2  Electrostatic Drive 
With the piezoresistance of the NWs verified, the next step towards resonating the fabricated 
devices is to understand the electrostatic drive.  With electrostatic drive, the force that excites  
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Figure 4.6: Percentage resistance change of the data in Figure 4.5 as a function of the applied 
strain.  The slope of the linear fit provides the piezoresistive gauge factor α of the NW, giving 
α = -5.3 ± 0.2. 
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NW resonant motion arises from the capacitive coupling between the NW and the electrostatic 
gate, as seen schematically in Figure 4.7.  This coupling generates a capacitive potential energy 
    ⁄    
 , where C is the capacitance and Vg is the voltage difference between the gate and 
NW.  This potential energy results in a force F given by  
 
       
 
 
    
   (4.3) 
where        ⁄  is the derivative of the capacitance with respect to the distance between the 
gate and NW.  The capacitance may be approximated to first order by  
   
     
  (   ⁄ )
  (4.4) 
where ε0 = 8.85x10
-12
 F/m is the permittivity of free space, z is the distance between the gate and 
the NW, r is the radius of the NW, and L is its length [42].  For typical NW dimensions, e.g., L = 
10 µm and r = 100 nm, and a spacing of z = 1 µm, Eq. (4.4) results in capacitances on the order 
of 1x10
-16
 F.  
Taking the derivative of Eq. (4.4) and substituting the result into Eq. (4.3) gives F as 
   
    
 [  (   ⁄ )] 
  
   (4.5) 
The only parameter in Eq. (4.5) not fixed during fabrication is Vg, i.e., the user has control over 
the magnitude of F through the magnitude of Vg.  Note that Vg is the net voltage difference 
between the gate and the NW, including both ac and dc components.  Thus, Vg = Vrf + Vdc, 
where Vrf is the rf voltage applied to the gate and Vdc is the voltage difference between the dc 
voltage applied to the gate (if any) and the dc voltage applied to the NW.  Further, Vrf is a 
function of gate frequency ωg = 2πfg and time t:    (    )       (     )  where V0 is the 
amplitude of Vrf and φ is its phase.  Squaring Vg in Eq. (4.5) then results in cross terms, leading to  
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Figure 4.7: Schematic of the capacitive coupling C between the NW and the electrostatic 
gate, separated by a distance z. 
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  (   (    ))
 
     (    )       
 .    (4.6) 
The third term in Eq. (4.6) creates a static force, meaning the NW will be tensioned by 
applying a dc voltage.  The first term generates a force at twice the applied ac frequency, because 
   
    
 (   (     ))
 
   
 (  ⁄       (       )⁄ ), while the second term 
generates a force at ωg.  Because the force appears at multiple frequencies, the NW may be 
driven either at half its resonance frequency, ω0/2, with only an ac voltage, or at ω0 with a 
combination of ac and dc voltages.   
To verify this electrostatic force is sufficient to excite NW vibration, our initial test involved 
placing the suspended NW inside the SEM for visual confirmation of motion.  While within the 
chamber of the SEM, an electric feedthrough makes contact with the gate and allows us to 
control Vg.  The applied voltage interacts with the secondary electrons emitted from the gate, 
attracting the electrons if the voltage is positive (thus reducing the amount that reaches the 
detector) or repelling the electrons if the voltage is negative (increasing the amount that reaches 
the detector).  As the contrast of the SEM image is based on the quantity of secondary electrons, 
the contrast of the electrostatic gate varies from light to dark as Vg goes from negative to 
positive, as seen in Figure 4.8.  This provides a useful cross-check to ensure electrical 
conductivity between the gate and the electric feedthrough.   
Applying an rf voltage at frequency ωg to the gate will also distort the SEM image, though 
instead of causing a static change in contrast it will cause an oscillating deflection of the e-beam.  
In the case of a sine wave, this produces a blurred image as the electrons are pulled and pushed 
faster than the image’s refresh rate.  This interferes with determining NW vibration, as vibration 
would be detected by imaging the NW blurring as it resonates.  To bypass this obscuring blur 
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Figure 4.8: Example of the contrast inside the SEM being modified by the dc bias voltage 
applied to the electrostatic gate. 
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effect, instead of a sine wave we apply a square wave.  Because the square wave consists of two 
discrete voltage values, rather than a smooth spectrum of voltages as in a sine wave, this voltage 
causes a doubling of the image rather than a blurring.  It is then a much simpler matter to 
determine NW vibration, as the doubled image of the NW will blur and spread apart on 
resonance.   
Figure 4.9 shows an example of sweeping Vrf through the resonance frequency of a NW.  For 
this study, the gate is biased at Vdc = -3 V with Vrf = 4 V.  The 110-nm diameter NW is 
suspended over a 10 µm gap with both ends grounded.  Below resonance at 9.4 MHz, we see the 
stationary, doubled NW, as in Figure 4.9(a).  On resonance at 9.56 MHz, the wire blurs and the 
doubled image separates, as in Figure 4.9(b), with the additional separation equal to the 
magnitude of displacement (120 nm at these drive conditions).  Above resonance at 9.65 MHz, 
the NW returns to its stationary doubled image, as in Figure 4.9(c).  Thus, we confirm the 
electrostatic gate is capable of exciting NW resonance. 
The resonance may then be measured using the same technique as described in Ch. 2 for the 
as-grown NWs by focusing the e-beam into spot mode on the edge of the NW.  As before, the 
NW’s vibration will modulate the number of secondary electrons emitted, resulting in a voltage 
from the SEM detector proportional to the resonant motion, as seen in Figure 4.10.  In order to 
be detectable over the interference from the gate voltage, the amplitude of vibration must be 
significant enough (> ~50 nm) that the resonance is in the nonlinear regime and is heavily 
broadened.  Furthermore, this measurement proves destructive as focusing the e-beam into spot 
mode generates e-beam induced deposition of amorphous carbon, such as that used for the mass 
sensor discussed in Ch. 2.  Over the course of a several-minute measurement, this deposition 
adheres the NW to the substrate.  An example of a NW that has become adhered in multiple 
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Figure 4.9: Close-up of the center of a doubly clamped NW with a -3 V dc, 4 V ac square 
wave voltage applied to the electrostatic gate, creating a doubled image of the NW.  a) Gate 
frequency below f0 at 9.4 MHz.  NW is stationary.  b) Gate frequency at f0, 9.56 MHz.  NW 
image pairs are more widely separated as it vibrates.  c) Above f0 at 9.65 MHz.  NW is again 
stationary. 
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Figure 4.10: Measured vibration of a doubly clamped, 10-µm long, 230-nm diameter NW 
using the SEM measurement technique with 3 V dc and 4 V ac voltages on the gate.  Red 
trace is a scan upwards in frequency, blue trace is the downward scan.  Resonance is 
inhomogeneously broadened due to forcing the NW into the nonlinear regime, so fit 
parameters cannot be extracted. 
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locations is seen in Figure 4.11.  As such, this technique is only useful for verification of the 
electrostatic drive, and not for measuring resonance properties.   
4.3  Combining Piezoresistance and Electrostatic Drive 
With the piezoresistance of the NWs measured and the electrostatic drive verified, the final 
step is to combine the two techniques to electronically actuate and measure resonance.  As 
previously mentioned, the piezoresistive readout is based on the fact that on resonance, the NW 
experiences a periodic strain.  This strain causes a piezoresistive-induced varying resistance, and 
in the presence of a dc voltage Vdc across the NW, this modulated resistance produces an rf 
current Irf.  We proceed to investigate the dependence of Irf on the resonance line shape of the 
NW.   
In order to predict the magnitude and frequency of Irf, we must first know the strain induced 
by vibration.  Assuming the NW’s equilibrium position is unstrained as in Figure 4.12(a), and the 
displacement of the center of the NW (  ( )          (   ), where Δxmax is the maximum 
amplitude of displacement determined by Eq. (1.4) and Eq. (4.5) and ω0 is the NW’s resonance 
frequency), is small compared to its length, the induced strain at time t along the center of the 
NW may be geometrically approximated with a linear profile as [47] 
   
 
 
   ( ) 
  
  (4.7) 
Note that strain is proportional to   ( )  (     
  ⁄ )(     (    )).  This strain 
reflects the fact that the NW is strained twice per cycle, resulting in a time-independent term 
(implying there is a net time-averaged strain in the NW on resonance) and a time-dependent term 
appearing at 2ω0, rather than ω0.  Figure 4.12(b,c) show alternative geometries that result in 
time-dependent terms at ω0, and will be discussed in more detail in Chapter 4.3.2. 
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Figure 4.11: Destructive NW resonance testing.  a) Overhead view showing a close-up view 
of the NW with pillars of mass deposited by focusing the e-beam into spot mode, which 
decomposes hydrocarbons that then adsorb onto the NW’s surface.  b) Side view of the NW 
in (a), showing these pillars have adhered the NW to the substrate. 
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Figure 4.12: Approximate NW deflection for a) the NW’s center with an unstrained 
equilibrium position, and b) a laterally strained equilibrium position, arising from tension in 
the NW due to fabrication processing.  c) As in (a), the NW starts from an unstrained 
position, but the conducting core of the NW is offset a distance d from the NW’s center.  
Case (a) results in elongating the NW twice per cycle, while cases (b) and (c) result in an 
elongation and a shortening each cycle.  For details on strain derivations, see Appendix F. 
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The next element in this analysis is how a given strain generates Irf.  The net current I 
generated by the NW will be given by I = Vdc/RNW.  On resonance, this becomes   
    (      ) as the resistance fluctuates under strain according to Eq. (4.1).  Assuming δR 
<< RNW, this may be approximated as   (      ⁄ )(       ⁄ ).  The first term is the 
steady dc current, Idc, induced by Vdc, while the second term represents the current modulated by 
the NW’s piezoresistive change in resistance, δI, given by 
     (
   
   
)(
  
   
)    (
   
   
) (
  
 
)  (4.8) 
Hence, δI is directly proportional to the strain induced by resonance.  Combining Eq. (4.7) with 
Eq. (4.8) implies the resonance of an unstrained NW will appear at two frequencies: at dc as the 
NW’s time-averaged resistance changes, and at 2ω0 as the NW flexes twice per cycle.   
Figure 4.13 shows an example of successfully resonating a doubly clamped NW and reading 
out the associated dc resistance change.  For this study, the gate is biased at -3 V dc with a 
varying rf voltage, as given in the figure.  The NW is biased at 1 V dc, along with a 700 Hz, 700 
mV ac sine wave.  The low frequency sine wave modulates the NW’s dc current and allows lock-
in detection, similar to the technique used to take the I-V curve of Figure 4.4(b).   
Figure 4.13 plots the magnitude of the decrease in dc resistance δR/RNW in percent upon 
crossing through the NW’s resonance frequency.  The peak displays an approximately linear 
increase in amplitude with increasing gate rf voltage, as expected from Eq. (4.6) with the driving 
term at ω0.  Further, as the NW is progressively driven harder, it enters the nonlinear regime.  At 
Vrf = 3 V, the displacement of the NW on resonance becomes significant enough to increase its 
tension, driving f0 higher in frequency.  This appears as an asymmetry in the 
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Figure 4.13: Magnitude of dc resistance change (where δR is negative), in percent, as a 
function of gate driving frequency.  The NW is biased at 1 V dc, with a 700 Hz, 700 mV ac 
sine wave to modulate the dc resistance.  The gate is biased at -3 V dc with rf voltage as 
given in the figure.  Increasing the rf voltage increases the resonance amplitude and 
ultimately drives the NW into the nonlinear, hysteretic regime.  Lorentzian fitted parameters 
to the linear regime give f0 = 9.5367 ± 0.0003 MHz, FWHM = 16 ± 1 kHz, and Q = 600 ± 40. 
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resonance line shape.  At Vrf = 3.8 V, this asymmetry increases to the point of hysteresis.  This 
hysteretic behavior is expected for doubly clamped beams, and provides evidence that this is 
indeed a mechanical resonance of the NW rather than an electrical resonance of the readout 
circuitry.   
Fitting the peak in the linear regime to the Lorentzian given by the magnitude of Eq (1.4) 
allows extraction of the resonance parameters: f0 = 9.5367 ± 0.0003 MHz, FWHM = 16 ± 1 kHz, 
and Q = 600 ± 40.  This quality factor is one to two orders of magnitude lower than that 
measured for the as-grown NWs, indicating that the fabrication has introduced additional sources 
of energy dissipation.  Methods for improving Q will be discussed in Chapters 5.2 and 5.3.   
4.3.1  RF Resonance Measurements 
In addition to measuring the resonance in the dc resistance of the NW, the resonance should 
also appear in the rf current, Irf, generated by vibration, predicted to appear at 2ω0 by Eq. (4.8).  
Measuring this high-frequency current requires a more specialized electronic setup than the dc 
measurement due to the substantial background and difficulty in measuring at rf frequencies, 
with a measurement schematic given in Figure 4.14.  This schematic therefore includes several 
components designed to minimize the rf background, as well as a high-speed transimpedance 
amplifier that transduces Irf into a voltage signal of sufficient magnitude as to be measured by an 
rf lock-in amplifier.   
As discussed in Appendix B, the dominant contribution to the rf background arises from the 
capacitive coupling between the electrostatic gate and the NW electrodes, which we define as the 
bleedthrough capacitance CB.  Because of this coupling, a current signal will appear at the gate 
frequency fg regardless of NW vibration.  For the case of the “Shawn1” mask, this parasitic 
capacitance is on the order of 0.2 pF, while the improved geometry of the “Nanowire1” mask  
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Figure 4.14: Circuit diagram for measuring Irf, including rf background cancellation, parasitic 
capacitance cancellation, impedance matching, and transimpedance amplification, as 
described in the text. 
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reduces this capacitance to approximately 7 fF.  For the case of fg = 10 MHz and Vrf = 2 V, this 
translates to respective bleedthrough currents of 25 µA and 1 µA for the two mask sets.  
However, even the 1 µA bleedthrough of the “Nanowire1” mask will still dwarf Irf from the NW 
resonance, expected to be on the order of 1 nA – 10 nA.   
To reduce this bleedthrough current, we utilize a matching technique.  For this technique, 
instead of applying Vrf directly to the gate, it is instead applied through a 180° hybrid coupler.  
The arm of the coupler with 0° phase shift connects to the gate, while the arm that shifts Vrf by 
180° goes to the opposite gate, as seen in Figure 4.14.  The opposite gate will also be 
capacitively coupled to the NW electrodes with capacitance   
 , which is approximately equal to 
CB due to a nearly-symmetrical geometry.  The bleedthrough current from the opposite gate will 
then be nearly equal in amplitude to the bleedthrough from the primary gate, but due to the 180° 
hybrid coupler will have opposite sign.  Thus, the two bleedthrough currents cancel each other, 
reducing the amplitude of the background signal by several orders of magnitude.  It is still 
possible to excite NW vibration with this technique as the opposite gate is several micrometers 
further from the NW, and thus will not cancel out all of the driving force. 
After the resonance frequency f0 of the NW is known, we may add additional circuit elements 
to further improve the signal-to-noise ratio (SNR) of the system.  For example, we note that there 
is a parasitic capacitance Cp in the cabling used to connect the NW inside the vacuum chamber to 
the readout electronics outside, on the order of 20 pF, which shorts a portion of Irf to ground.  To 
negate this shorting effect, we place an inductor Lp in parallel with Cp to form an effective open 
circuit at f0, given by     (  
   )⁄   7.5 µH for ω0 = 2π∙13 MHz.   
We then insert an L-network (LL and CL) to impedance match the high-impedance NW to the 
low-impedance amplifier, again only at f0, thus providing an additional improvement in SNR 
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[88].  The conditions for LL and CL to match the source (NW) impedance, Rs, to the load 
(amplifier) impedance, RL, at f0 are √    ⁄  √     and √      (    )⁄ , with a gain, G, in 
the SNR of   √       .  For Rs = 150 kΩ, RL = 2 kΩ, and f0 = 13 MHz, these conditions 
require LL = 213 µH and CL = 0.7 pF and result in a gain of G = 8.6.  Finally, the current feeds 
into a high-speed, low-noise amplifier with an approximate transimpedance gain of 35,000 V/A.  
The resulting voltage is then measured by either an rf lock-in or a spectrum analyzer.   
4.3.2  RF NW Response 
With the preceding electronics in place, we may now directly measure the rf current provided 
by NW vibration, Irf.  An example of the resulting Irf upon sweeping fg through the NW’s 
resonance is seen in Figure 4.15, taken under vacuum at 10
-4
 Pa and room temperature.  This is a 
phase-sensitive measurement, unlike the magnitude-only dc resistance measurement, and thus 
provides additional information on the phase of NW displacement relative to the phase of the 
driving voltage.  The solid line is a simultaneous fit to both phases of the Lorentzian given by 
Eq. (1.5). 
An important point to note about Figure 4.15 is that the peak frequency of Irf is at f0, rather 
than 2f0 as predicted by Eq. (4.7).  Further, after measuring the resonances of approximately a 
dozen NWs, only a small fraction of them provide a dominant response at 2f0 and at dc, such as 
the NW described in Figure 4.13.  The majority, however, provide an additional, larger response 
at f0.  To understand this frequency response, we must return to our model for the tension in the 
NW described by Figure 4.12.  We expect a current response at 2f0 and at dc for the case where 
the NW is tensioned twice per cycle, as in Figure 4.12(a).  However, there are other possibilities.  
If the NW is bent, say due to fabrication stresses, then the NW experiences a tensioning and a  
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Figure 4.15: Magnitude of Irf due to NW vibration as a function of drive frequency.  The NW 
is biased at Vdc = 3 V, the gate is biased at Vrf = 2 V, taken at 10
-4
 Pa and room temperature.  
Solid line is a simultaneous fit to a phase-sensitive Lorentzian, resulting in resonance 
parameters of f0 = 12.94898 MHz ± 40 Hz and Q = 1320 ± 10. 
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compression each cycle, as in Figure 4.12(b).  In this case, the strain induced on the NW can be 
approximated as             
 ⁄⁄ , where x0 is the NW’s equilibrium position (see 
Appendix F.1).  Alternatively, the NW may be unstrained but have a conductive core offset from 
the NW’s center.  A conductive core within the NW arises due to a depletion width along its 
circumference resulting from charge-trapping adsorbates [89].  This core may potentially be 
offset from the center of the NW a distance d, e.g., due to geometry asymmetries or the gate’s 
applied electric field [90], as illustrated in Figure 4.12(c).  In this case, the strain through the 
conductive core may be given approximately as (see Appendix F.2):   
   
 
 
    
  
 (4.9) 
Notably, the strain in both these cases is proportional to Δx, rather than Δx2 for the 
untensioned case with the conductive core centered inside the NW.  In either case, then, Irf is 
expected to appear at f0 rather than 2f0.  The NW measured in Figure 4.15 does not display a 
substantially bent profile in SEM imaging, and therefore presumably has an offset conductive 
core with strain given by Eq. (4.9).  Chapter 5.1 will explore the predicted Irf based on this strain 
in conjunction with Eq. (4.8) to judge the validity of this model.  
4.4  Chapter 4 Summary 
By mechanically bending the NW wafer, we were able to strain multiple NWs and 
successfully measure their piezoresistive gauge factors.  Gauge factors range from -5 to -30, 
dependent on NW dimensions and doping.  We then explored the source of electrostatic drive, 
and verified inside an SEM that a driving voltage on the order of a few volts is sufficient to 
excite NW vibration.  Finally, we combined the observed piezoresistive properties with the 
electrostatic drive to create an entirely electronic drive and readout technique for NW resonators, 
90 
 
wherein the strain of vibration creates a piezoresistively-modulated current signal.  The 
frequency at which this current signal appears provides insight into the orientation of the NW, 
e.g., if the NW is bent or has an offset conducting core.  We have observed resonance 
frequencies in the range of 9 MHz – 36 MHz, with as-fabricated quality factors around 1000.  
The quality factors have therefore decreased by an order of magnitude over the course of 
fabrication from the as-grown NWs, but this order of magnitude may be recovered, as we will 
see in the following chapter. 
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Chapter 5 
5 Local Environment Sensing 
 
The NW’s resonance parameters, including f0 and Q, offer insight into the NW’s local 
environment.  By measuring the changes in these parameters under different stimuli, we may 
pinpoint different environmental effects, such as temperature, surface adsorbates, and energy 
dissipation.   In this chapter, we examine the sensing capabilities of the NW, by measuring 
thermal noise in the mechanical motion, energy dissipation both at room temperature and 
cryogenic temperatures, and exponential decay of mechanical motion in the presence of burst 
drive. 
5.1  Thermal Noise 
All resonators experience some amount of resonant motion, even in the absence of drive, on 
account of being at a finite temperature.  This temperature causes thermal motion due to 
stochastic exchange of thermal energy, leading to fluctuating drive of the NW vibrational modes 
and associated stochastic or 'Brownian' motion of the nanowire.  Even NWs under vacuum 
experience thermal motion, as they are in contact with a thermal reservoir through the clamps 
attached to the substrate. 
This Brownian vibration results in a displacement spectral density Sx(ω) (with units of 
m
2
/Hz) given by 
   ( )  
  
(  
    )  (  
  ⁄ ) 
    
     
  (5.1) 
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where kB is the Boltzmann constant (1.38x10
-23 
J/K), T is NW temperature, and Meff is the 
effective resonator mass [47].  Eq. (5.1) has a similar Lorentzian structure to that which arises by 
driving the resonator with an external force, given by the squared magnitude of Eq. (1.4), except 
the amplitude is now determined by the NW’s temperature rather than a driving force.  This 
noisy displacement appears as a Lorentzian peak in the NW’s rf current output. 
Figure 5.1(a) shows an example of a NW’s thermal noise peak in the power spectral density 
(PSD) of the NW’s current.  For this data, the NW is undriven, i.e., no voltage is applied to the 
electrostatic gate.  Only a dc voltage, Vdc, is applied across the NW, and the resulting current is 
amplified with the transimpedance amplifier and measured with a spectrum analyzer.  As 
predicted by Eq. (5.1), a Lorentzian peak appears at the resonance frequency of the NW, with a 
magnitude determined by the temperature of the NW.   
Here, the NW is biased at Vdc = -1.5 V.  This bias causes Joule heating, the magnitude of 
which can be estimated by using f0 as a local thermometer: From as-grown GaN NW 
measurements, f0 experiences a change versus temperature of approximately -35 parts per million 
(ppm) per K.  The thermometer may be calibrated by measuring f0 at a low enough bias that the 
NW’s temperature is assumed to be nearly ambient, and then measuring the resulting δf at higher 
bias.  Comparing Vdc = -1.5 to Vdc = -0.3 V, we find δf = 11.2 kHz and f0 = 13.0474 MHz, 
equating to Joule heating of approximately 25 K, i.e., T ≈ 325 K. 
The total integrated area underneath the peak in terms of displacement may be computed 
from Eq. (5.1), which simplifies to the classical equipartition theorem upon noting that 
   ⁄ ∫   ( )  
 
 
 = mean square displacement 〈  〉: 
  
 
    〈 
 〉  
 
 
     (5.2) 
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Figure 5.1: a) Current PSD showing the thermal noise peak of a NW with Vdc = -1.5 V.  The 
equipartition theorem allows for conversion between the measured current and NW 
displacement.  b) Data from Figure 4.15 with the additional displacement conversion based 
on this NW’s thermal noise peak (not shown), shown on the right axis. 
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where            
  is the effective spring constant of the NW.  For the device in Figure 5.1, k 
≈ 10 N/m (estimated with NW mass calculated from physical dimensions as determined by 
scanning electron microscopy and the known density of GaN, and the measured resonance 
frequency) and T ≈ 325 K, resulting in a total integrated displacement of ~20 pm.  Equating that 
displacement to the integral of the current PSD peak in Figure 5.1 then gives the conversion from 
measured current to NW central deflection in meters as ~1.4 nm/nA.  This is an important 
conversion, as the NW may now be driven as normal and its deflection computed, allowing the 
NW to be used as a displacement sensor.  An example of this conversion is seen in Figure 5.1(b), 
where the left axis shows the current output from the NW and the right axis shows the NW’s 
central deflection. 
To cross-check the validity of this conversion factor, we may also calculate the factor from 
the measured piezoresistance of the NW.  This NW displays a gauge factor of roughly -20, and 
because its resonance appears at f0 rather than 2f0 and with no apparent bend in the NW’s profile, 
the strain may be approximated with the offset-conductive-core model from Figure 4.12(c) as 
          ⁄⁄  (Eq. (4.9)), where L = 10 µm.  Inserting this result into Eq. (4.8), where R = 
170 kΩ and Vdc = -1.5 V, gives     (7x10
-8
d) δI.  If d = 50 nm, we then reproduce the 1.4 
nm/nA conversion from above.  For a NW with a diameter of 210 nm, a 50-nm offset conducting 
core is reasonable.  Hence, the current-to-displacement conversion factor as determined by 
thermal noise is consistent with that determined by piezoresistive strain calculations.  
5.2  Room-Temperature Energy Dissipation 
Another means of sensing the NW’s environment is by studying the energy dissipation 
present in the device.  As mentioned, the quality factor Q of the doubly clamped NWs is one to 
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two orders of magnitude lower than that of the as-grown NWs, and because Q is inversely 
proportional to energy dissipation, this implies that the fabrication steps have resulted in 
additional dissipation mechanisms. 
For example, one additional source of energy dissipation not present in the as-grown devices 
is surface contamination.  Fabrication leaves the NW coated with organics such as residual e-
beam resist.  Removing this surface contamination through an O2 reactive ion etch (RIE), using 
50 sccm O2 at 50 W for at least 2 minutes, can more than double Q to around 3000 on some 
devices, though still leaving it below the singly-clamped range.  Figure 5.2 shows an example of 
a single device undergoing successive RIEs, with each further cleaning associated with an 
increase in Q in both lowest order modes until an eventual plateau as the contaminants are 
largely removed.  Values of f0 typically increase after cleaning, as expected due to losing mass, 
but other factors that influence f0, such as pressure and temperature, were not controlled between 
measurements and so we cannot analyze the shift in f0 to determine the amount of mass removed. 
Even after removing the contamination from the fabrication processing, over time the surface 
of the NWs becomes recontaminated due to organics from the atmosphere.  Keeping the NW 
under vacuum at 10
-4
 Pa does not eliminate this contamination problem, as residual pump oil 
vapor from our diffusion pump system eventually adsorbs along the NW.  Because of this, over 
the period of several months inside the vacuum chamber, Q may decrease by as much as 25%.  
The device may be removed from the vacuum chamber and subject to another O2 RIE clean as 
described above, and after a sufficient cleaning, Q recovers to its original value. 
In addition to organics, another source of contamination is water.  Water from the 
atmosphere will adsorb along the length of the NW over a time scale dependent on pressure.  
This adsorbed water is detectable as a steady decrease in Q over the course of one to two days  
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Figure 5.2: Successive measurements of quality factor after plasma cleaning with 50 sccm O2 
at 50 W in a reactive ion etch (RIE).  Circles represent first mode at 13 MHz.  Triangles 
represent the orthogonal second mode at 15 MHz. 
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under vacuum at 10
-4
 Pa.  This decrease in Q is distinct from that caused by organic 
contamination in that this decrease may be reversed by heating.  This effect was observed in the 
case of the as-grown NW resonance measurements performed in the SEM by heating the NWs 
with an electric heater.  The NWs displayed a steady improvement in Q until the temperature 
surpassed 100° C, at which point Q reached a plateau [65].  For the doubly clamped resonators, 
the NW may be heated by applying a voltage bias across the NW, causing local Joule heating.  
Again, Q improves until reaching a plateau, presumably after the NW reaches 100° C and the 
water has entirely evaporated.   
Furthermore, the adsorption and desorption of surface contaminants will change the effective 
mass of the NW, thus changing the NW’s resonance frequency f0.  Just as in Ch. 2.1.1, the 
change in f0, δf, allows the NW to be used as a mass sensor.  For example, a device with f0 = 27.6 
MHz experiences a change of δf ≈ 5 kHz after evaporating off the adsorbed water accumulated 
over a span of 1 hour at 10
-4
 Pa.  With a total mass Mtot = 1.7 pg as calculated from SEM-
determined dimensions, the NW’s effective mass is Meff ≈ 0.73 Mtot = 1.2 pg [50].  Eq. (1.7) then 
predicts the total adsorbed mass of water is δM ≈ 0.4 fg.  Assuming the water is distributed 
uniformly along the 8-µm long, 105-nm radius NW, this mass equates to an approximate 
thickness of 1 Å, i.e., a monolayer of water. 
These are all examples of using the NW’s resonance parameters, f0 and Q, as sensors for the 
surface conditions of the NW.  A decrease in Q is a strong indication of surface contamination, 
and the method for restoring Q indicates the composition of the contamination, i.e., if Q can be 
restored by heating to 100° C then the contamination is likely water, while if it requires an RIE 
clean then the contamination likely consists of organics.  The observed frequency shift can then 
be used to compute the mass of adsorbed contamination. 
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5.3  Cryogenic Energy Dissipation 
Further information about the NW’s environment may be gleaned from measuring Q and f0 
not just at room temperature, but as a function of temperature.  For this measurement, the NW is 
placed in a cryogenic vacuum probe station (Figure 5.3), which allows for electrical contact to 
the NW wafer while cooling.  To cool the chamber, we fill a copper thermal reservoir inside the 
probe station, known as the chuck, with liquid helium.  The chuck is attached to the wafer stage, 
on which the NW wafer rests, through one or more copper braids.  The wafer stage is otherwise 
thermally isolated, so the number of copper braids dictates the degree of thermal coupling 
between the chuck and the wafer stage, each of which have their own heater and thermometer.  
Multiple braids results in higher thermal contact, which allows for faster cooling and a lower 
base temperature of the wafer stage.  Conversely, fewer braids means the wafer stage is more 
isolated and hence its temperature can be better controlled with its heater.  Therefore, a balance 
must be found for the particular application; in this case, a single braid is capable of providing a 
low-enough wafer stage base temperature, around 8 K, while still allowing for sufficient thermal 
control with the heater. 
As liquid helium flows into the chuck, the temperature of the chuck will rapidly decrease.  
Typically, the chuck reaches its base temperature of 4.5 K within 30 minutes to an hour of 
beginning the helium flow.  The temperature of the wafer stage will correspondingly drop, 
though at a slower rate of several Kelvin per minute, reaching its base temperature of 8 K – 10 K 
within approximately two hours of cooling.  Throughout this cooling time, both Q and f0 must be 
continuously measured to determine their temperature dependence.  However, a problem arises 
due to the amount of time required to trace out the resonance curve, like that in Figure 5.1(b), in 
order to determine the resonance parameters.  These resonance traces typically take several  
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Figure 5.3: Photograph of the 4-probe cryogenic probe station used for NW resonance 
measurements. 
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minutes to complete, during which time the temperature of the NW will have changed by several 
Kelvin, thus shifting f0 and Q during the course of the measurement.  As such, tracing out the 
resonance curve proves too time-consuming to determine the rapidly-changing f0 and Q while 
cooling.  Because of this time limitation, we developed a tracking technique to measure f0 and Q 
on the order of seconds, rather than minutes. 
The resonance tracking method involves measuring the NW’s phase-sensitive current 
response at only two driving frequencies, rather than the hundred or so frequencies required for a 
full resonance curve.  Briefly, as long as the two frequencies are chosen to be close enough to f0 
that the in-phase response, like that seen in Figure 5.1(b), behaves linearly with respect to 
frequency, f0 may be determined from the 0-crossing of the line formed from the two data points.  
The quality factor may then be calculated based on f0 and the amplitude as measured from the 
two out-of-phase data points.  For more details, see Appendix G. 
With the ability to record f0 and Q on a sufficiently fast time scale, on the order of seconds, 
we proceed to cool the NW.  Figure 5.4 shows an example of the resulting resonance parameters 
as the NW is cooled from room temperature to 10 K over the course of roughly two hours.  Gaps 
in the data are where the tracking algorithm lost lock of the resonance, requiring a manual restart.  
Both f0 and Q show interesting structure in their temperature dependence, but most notably, Q 
has increased by more than an order of magnitude at 10 K over the room temperature value.  
Clearly, cooling has frozen out a large source of energy dissipation in the system, which we will 
analyze shortly.  First, we analyze the temperature dependence of f0. 
There are three primary factors that determine the temperature dependence of f0: 1) the 
temperature dependence of the Young’s modulus, E, of GaN, 2) thermal contraction of the NW’s 
radius and length, and 3) the differential thermal expansion between the GaN NW and the  
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Figure 5.4: a) An example NW’s resonance frequency as a function of temperature.  The 
change is due primarily to differential thermal expansion between GaN and the sapphire 
substrate.  b) Q as a function of temperature.  Note the increase of an order of magnitude 
going from 300 K to 10 K. 
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sapphire substrate.  First, the Young’s modulus of GaN tends to increase with decreasing 
temperature [91], which serves to stiffen the NW and increase f0.  Second, as the NW cools its 
physical dimensions will contract, determined by the thermal expansion coefficient of GaN, 
αGaN.  Eq. (1.1) says the dependence of f0 on radius and length goes as      
 ⁄ , meaning that 
while the decrease in radius tends to decrease f0, the decrease in length increases f0 at a faster rate 
due to its higher-power dependency.  Thus, both the Young’s modulus effect and the thermal 
contraction effect serve to increase f0 upon cooling.  As temperature continues to decrease, E 
eventually plateaus and αGaN approaches 0, thus reducing and eventually eliminating their effect 
on f0.  The combination of these two effects may be seen in the resonance frequency of an as-
grown, singly clamped NW in Figure 5.5, where below approximately 100 K the temperature 
dependence of f0 decreases and eventually disappears, causing f0 to plateau [92].   
While these two effects are the dominant temperature contributions for the case of singly-
clamped devices, doubly clamped devices experience a third contribution: the differential 
thermal expansion effect.  At room temperature, αGaN in the c-axis direction is 3.17x10
-6
 K
-1
 [93], 
while that for sapphire is roughly αsap = 4.3x10
-6
 K
-1
 [94].  Because αsap > αGaN, the sapphire 
contracts more than the GaN as the system cools, causing a compression of the NW and 
therefore a decrease in f0 upon cooling from room temperature, as seen in Figure 5.4(a).  Thus, 
the differential thermal expansion effect outweighs the increase in f0 due to the Young’s modulus 
and contraction effects.   
However, αsap and αGaN are also temperature dependent, decreasing with decreasing 
temperature.  Furthermore, αsap decreases at a faster rate than αGaN, resulting in a critical 
temperature, Tc, at which the coefficients will be equal, and below which αGaN > αsap.  This cross-
over occurs at a temperature of roughly Tc ≈ 250 K, at which point αGaN = αsap ≈ 3x10
-6
 K
-1
. 
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Figure 5.5: Resonance frequency of a singly clamped, as-grown NW as a function of 
temperature, measured with a capacitive readout technique by Joshua Montague, et al. (see 
[92]). 
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Corresponding with these temperature-dependent thermal expansion coefficients, the data of 
Figure 5.4(a) shows a decrease in the rate of change of f0 until reaching 0 and then reversing 
direction as temperature drops from 300 K through 250 K.  Below 250 K the higher thermal 
expansion coefficient of GaN compared to sapphire causes the NW to tension itself while 
cooling, resulting in an increasing resonance frequency.  We note that the minimum in f0 does 
not actually occur at Tc; rather, the minimum will occur at a temperature slightly above Tc, where 
the decrease in f0 with decreasing temperature due to differential thermal expansion is exactly 
equal to the increase in f0 due to Young’s modulus and thermal contraction effects, resulting in a 
local f0 rate-of-change of 0. 
As the NW’s temperature continues to drop, f0 approaches a plateau as the temperature 
dependence of the three thermal effects explored above drops off.  The magnitude of the 
differential thermal expansion effect can be compared to the magnitude of the Young’s modulus 
and physical contraction effects by comparing the f0 behavior of the doubly clamped device in 
Figure 5.4(a) to the singly clamped device in Figure 5.5.  The singly clamped NW experiences a 
change in f0 of roughly 0.6% going from 300 K to 10 K, while the doubly clamped NW 
experiences a change of 3.7% over the same temperature range.  Clearly, differential thermal 
expansion provides the dominant contribution to the f0 temperature dependence of the doubly 
clamped NWs. 
The behavior of f0 as a function of temperature therefore probes the temperature dependence 
of the Young’s modulus of GaN and the thermal expansion coefficients of GaN and sapphire.  
The observed behavior agrees with the expected behavior based on the previously-reported 
temperature dependence of these parameters.  To see what more we may learn of the NW’s 
properties, we proceed to analyze the temperature dependence of its energy dissipation. 
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5.3.1  Identifying the Source of Energy Dissipation 
To investigate the source of the order of magnitude improvement in Q at low temperatures, 
we examine a different style of temperature dependence of the resonance parameters from that 
detailed above.  For this study, starting with the substrate and NW at 11 K, we selectively 
increase the NW temperature via local Joule heating: Using the NW bias voltage to control 
heating and NW resistance as an approximate thermometer (calibrated by measuring resistance at 
low bias as a function of wafer stage temperature and fitting to the roughly linear relationship), 
we can warm the NW to room temperature while the polycrystalline metallic clamps remain 
cold.  Under these circumstances, Q remains high at ~10
4
.  Thus, by keeping only the clamps 
cold, we retain the order of magnitude improvement in Q.  This investigation strongly implicates 
the clamps as the source of the room-temperature energy dissipation.  
Figure 5.6 shows an example of this type of study, where we plot Q and f0 vs. nominal NW 
temperature.  In this case, the NW was held at 11 K over a period of several hours in modest 
vacuum of 10
-2
 Pa, allowing a layer of adsorbed species (largely water and nitrogen) to form 
along its surface.  Subsequent data are taken at 10
-4
 Pa to slow further adsorption.  Warming the 
NW with increasing bias causes desorption of this icy layer, appearing in the red data as an initial 
increase in f0 as the wire loses mass.  This process continues until approximately 270 K when 
this layer is largely desorbed, at which point we see a decrease in f0 associated with the 
temperature dependence of the Young’s modulus  of GaN and the thermal expansion of the NW 
between fixed clamps.  The blue data show subsequent cooling behavior as we decrease the NW 
bias and allow it to return to 11 K.  The final value of f0 is significantly higher than the initial 
value due to the surface adsorbates not yet having readsorbed along the NW.  Analysis of the  
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Figure 5.6: a) Q vs. NW temperature.  The temperature scale uses NW resistance as a 
previously-calibrated thermometer.  The substrate is at 11 K.  Red data are taken upon initial 
warming; blue data is cooling back to 11 K.  Even with the NW at 300 K, Q is roughly an 
order of magnitude higher than when the substrate is at room temperature (Q ≈ 900).  b) f0 vs. 
NW temperature.  f0 shows an initial increase from evaporating adsorbed species, especially 
ice.  Above ~270 K, f0 starts decreasing due to the temperature dependence of the Young’s 
modulus of GaN and thermal expansion of the NW held between fixed-spacing clamps.   
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frequency shift using Eq. (1.7) indicates desorption of total ice mass near 4 femtograms, or a 
uniform layer of ice 0.6 nm thick.   
The observed behavior of f0 provides confirmation that the NW temperature is fairly reported 
by NW resistance.  Note then that the measured Q under conditions wherein the NW is warm and 
clamps are cold remains well above 10
4
 over most of the temperature range, and in all cases at 
least an order of magnitude higher than we find for this device when the entire chip is at 300 K.  
These results indicate the clamps provide a major source of room-temperature dissipation, which 
is to be expected. 
While the GaN NWs are essentially defect-free [58], the clamps are not.  The clamping metal 
is deposited thermally, resulting in a polycrystalline structure that is likely to have defects, such 
as atomic vacancies or dislocations [95].  Defect motion dissipates energy from the resonator 
system [96], resulting in lower Q values for resonators with higher defect densities.  Further, 
defect motion is thermally induced [37], meaning as temperature decreases the associated energy 
dissipation will likewise decrease.  Hence, a narrowing of the resonance peak width and a 
resulting increase in Q upon cooling implicate defect motion as a primary source of energy 
dissipation.   
For the resonators presented here, the decreased Q at room temperature of the doubly 
clamped NWs as compared to the defect-free, as-grown NWs is likely due to the addition of 
defects, as evidenced by the improvement in Q after cooling.  These defects could be introduced 
either into the NW itself, potentially by breaking the NW off the growth substrate, or through the 
evaporated polycrystalline clamps.  The dependence of Q on the temperature of the clamps rather 
than the NW indicates the defects are located in the clamps, and not the NW itself.  Thus, we 
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have used the NW’s resonance parameters as a sensor to pinpoint the source of the additional 
room-temperature energy dissipation that is not present in the as-grown devices. 
5.3.2  Resonator Response While Warming 
As mentioned above, Figure 5.6(b) implies an adsorbed layer, likely of ice, coats the NW 
upon remaining at 11 K in moderate vacuum for several hours.  As further evidence of ice, we 
track the NW’s resonance peak width while letting the entire system warm to room temperature 
over approximately 8 hours, as seen in Figure 5.7.  A large peak in the width, proportional to 
energy dissipation, appears centered at 270 K.  This implies that as the ice that coats the NW 
melts, it absorbs energy from the resonator and causes a peak in the dissipation.  Note that two 
other peaks appear in Figure 5.7: one at 180 K and another at 205 K.  These peaks are likely 
associated with glass transition temperatures of ice [97], but remain to be fully explained.  This is 
yet another example of using the NW’s resonance parameters to probe the source of energy 
dissipation in the resonator. 
5.4  Exponential Resonance Decay 
As an alternative to measuring energy dissipation through the width of the resonance peak, 
we may also analyze the time required for the NW to stop resonating after applying a burst drive, 
equivalent to ringing a bell and measuring the ring-down time.  The higher the energy 
dissipation, the more quickly the resonance will damp out.  This is a valuable method for 
determining the intrinsic energy dissipation of the resonator, which may be obscured in the 
measurement of the width of the NW’s swept response:  For example, if f0 changes during the 
course of the frequency sweep, and the measurement time of the width is long compared to these  
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Figure 5.7: NW resonance width while warming.  Peaks correspond to peaks in energy 
dissipation likely associated with melting ice on the NW surface (270 K) and glass transitions 
of ice (180 K and 205 K). 
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changes, the time-averaged width will appear broader than the intrinsic width.  The energy 
dissipation is then determined to be larger than it actually is.   
The resonator’s decay time, however, is f0-independent, and is therefore more likely to 
represent the intrinsic energy dissipation of the resonator.  To determine Q from the decay time, 
we return to the NW’s equation of motion given by Eq. (1.2), only with Fapplied(t > 0) = 0, i.e., 
the NW is driven on resonance with         (   )     
    , but the drive is instantaneously 
removed at t = 0.  As such, x(t) is still assumed to be sinusoidal of the form  ( )     
      After 
simplifying Eq. (1.2) with these assumptions and canceling common factors, we are left with 
     
        for t > 0.  The solutions for ω are then given by      √     ⁄  
   ⁄ .  Dismissing the negative solution as unphysical, we substitute the positive solution for ω 
into x(t) to find the final equation of motion: 
  ( )       (    √  
  
   
 )   ( 
 
 
 )  (5.3) 
The first exponential factor in Eq. (4.9) provides the sinusoidal oscillations of the resonance, 
while the second exponential factor reflects the exponential decay with characteristic time 
      after which the resonance decays to 1/e of its initial amplitude.  Measuring τ therefore 
provides an alternate means of measuring the width of the resonance peak (     ) without 
worry of broadening due to averaging a shifting peak. 
To excite this exponentially decaying behavior, we utilize a burst drive.  For this study, the rf 
gate voltage, Vrf, is programmed in burst mode to output exactly 10,000 cycles at a frequency ωg, 
which should be at or near ω0.  After the set number of cycles has been reached, the drive turns 
off, as seen in Figure 5.8(a).  The time record of the rf current, Irf, from the NW is then measured  
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Figure 5.8: a) Example of burst driving voltage, Vrf, which contains exactly 10,000 
oscillations, stopping at 0 V at t = 0 s.  b) The resulting NW current response, Irf, upon 
driving with the burst voltage as in (a) after 10,000 averages.  To ensure Irf contains only 
current due to the NW’s resonance, we take the difference between the current response with 
the NW biased at Vdc = 4 V and Vdc = 0 V.  For t < 0, the NW is driven at 27.444 MHz with 
Vrf = 2 V.  Fitting to Irf(t<0)with a sine wave confirms a NW response at 27.444 MHz.  At t = 
0, the drive stops and the frequency of Irf shifts to f0 = 27.4542 ± 0.0001 MHz, resulting in an 
instantaneous increase in amplitude.  Inset shows the sinusoidal oscillations within the 
exponentially decaying envelope.  The resonator response decays in characteristic time τ = 
12.8 ± 0.1 µs.  The calculated quality factor is then         1100 ± 10.  
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with a high-speed oscilloscope.  The time record is separated into two parts: Prior to the drive 
stopping time, t = 0, the NW is driven at fg and therefore Irf will also oscillate at fg, with an 
amplitude dependent on how close fg is to f0.  After t = 0, in the absence of drive the frequency of 
the NW oscillation shifts from fg to f0, with an amplitude that decays exponentially. While the 
time required for Vrf to reach 0 V is on the order of nanoseconds, Irf decays on the order of tens 
of microseconds.  By fitting Irf for t > 0 to Eq. (4.9), we may then extract ω0 and Γ, and hence 
determine Q, all with only ~50 µs worth of data.  If data acquisition speed is not critical, we may 
average multiple burst cycles to improve the signal-to-noise ratio of the decay. 
For t < 0, the capacitive bleedthrough of Vrf will dominate Irf, obscuring the component due 
to the NW’s resonance.  To eliminate this bleedthrough signal, and to verify that Irf for t > 0 is 
associated with the NW’s exponential decay and not a transient response, we record one set of 
data with the NW biased and another set with no NW bias and subtract them.  Because a bias is 
necessary for the NW to generate Irf on resonance, the difference results in the component of the 
current signal due only to NW resonance.   
An example of this kind of study is seen in Figure 5.8(b).  Here, the NW is biased at Vdc = 4 
V with a driving voltage of Vrf = 2 V.   We previously determined f0 = 27.4539 ± 0.0002 MHz 
and Q = 1130 ± 10 by tracing the NW’s resonance, as in Figure 5.1(b).  The drive frequency is 
then set to fg = 27.444 MHz, 10 kHz less than f0.  Fitting the sinusoidal oscillation for t < 0 
confirms the driven NW response at 27.444 MHz, while fitting for t > 0 reveals the NW’s natural 
resonance frequency to be f0 = 27.4542 ± 0.0001 MHz, consistent with f0 above.  Note that the 
amplitude at t < 0, 14.3 nA, is less than the amplitude at t > 0, 18.9 nA, with a difference of 
24.3%.  To understand this amplitude difference, we note that the amplitude of Irf from the traced 
resonance curve decreases by 22.3% moving 10 kHz off resonance.  Thus, by removing the drive 
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and allowing the NW to resonate at f0 instead of f0 - 10 kHz, the resonance regains the 
appropriate maximum amplitude.  
In addition to determining f0 from the exponentially decaying fit, we also extract τ = 12.8 ± 
0.1 µs.  From the measured f0 and τ we calculate         1100 ± 10, very near the value of 
1130 ± 10 determined from the resonance trace.  The consistency between the two entirely 
separate determinations of Q indicates both methods properly represent the intrinsic energy 
dissipation of the resonator. 
5.4.1  Multiple Mode Excitation 
Besides confirming the validity of Q, this exponential decay technique also is useful for 
proving the orthogonality of the responses of the NW’s two lowest order resonance modes.  Most 
of the NW resonators examined throughout the course of this research display two modes 
separated by 1 MHz – 2 MHz.  For example, besides resonating at f0 ≈ 27.25 MHz, the NW 
measured in Figure 5.8(b) displays a second resonance at f0 ≈ 28.82 MHz.  These modes are 
presumably orthogonal, i.e., the resonance of one should have no impact on the other.  To prove 
this, we simultaneously excite both modes using the burst technique described above and again 
measure the exponential decay, as seen in Figure 5.9. 
Prior to the simultaneous excitation, we first trace out each resonance individually, 
determining f0 = 27.2558 ± 0.0002 MHz and Q = 1040 ± 10 for the first mode, and f0 = 28.8173 
± 0.0001 MHz and Q = 980 ± 10 for the second mode.  Then, to excite both modes 
simultaneously, a 2-channel Rigol DG5002 provides two driving signals, one at 27.256 MHz and 
the other at 28.82 MHz, with the signals programmed to burst for a set number of cycles and end 
within nanoseconds of each other.  The amplitude of each signal is chosen such that the 
amplitude of the resonance traces are equal, resulting in Vrf = 8.8 V for Channel 1 and Vrf = 2 V  
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Figure 5.9: Exponential decay of the two lowest order orthogonal modes of vibration, with 
Vdc = 4 V and drive as described in the text.  The superposition of the two modes, separated 
by approximately 1.5 MHz, causes distinct beat frequencies.  Inset: an expanded view of an 
example wave packet, where the red line is a fit to the sum of two exponentially decaying 
sine waves.  Fit parameters give f0 = 27.2543 ± 0.0001 MHz and Q = 1010 ± 1 for the first 
mode, and f0 = 28.8158 ± 0.0001 and Q = 948 ± 1 for the second mode. 
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for Channel 2.  The two signals are then combined in a power combiner and applied to the gate.  
Figure 5.9 displays the time record of the NW’s resulting current output.  Beat frequencies are 
clearly visible, and by fitting to the sum of two exponentially decaying sine waves, each with 
their own frequency and decay time, we extract the resonance parameters for both modes: f0 = 
27.2543 ± 0.0001 MHz and Q = 1010 ± 1 for the first mode, f0 = 28.8158 ± 0.0001 and Q = 948 
± 1 for the second mode.  These results are consistent with, but not identical to, the results 
obtained from tracing out each resonance peak individually.  As we shall see in Chapter 6, 
however, variations in the resonance parameters to within these tolerances are expected for a 4 V 
NW bias. 
This study indicates these two modes of vibration are indeed orthogonal to each other.  Even 
though the motion of the NW while undergoing simultaneous mode excitation is significantly 
more complicated than a single mode excitation, with displacement in two directions at different 
frequencies and phases, the resulting piezoresistive current is merely a superposition of the two 
modes.  This technique is useful for sensing applications that measure a change in f0, where noisy 
drift in f0 would normally limit the available sensitivity.  Here, though, the presence of 
correlation in the change in f0 of the two modes would indicate whether the change is real or due 
only to noise. 
5.5  Chapter 5 Summary 
This chapter has discussed a few of the many means through which a NW’s resonance 
parameters sense aspects of the NW’s local environment.  For example, the resonance peak due 
to thermal noise allows the NW’s current response to sense its physical displacement based on 
the equipartition theorem.  Additionally, the quality factor and width of the resonance indicate 
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the presence of energy dissipation, and the behavior of these parameters under different stimuli 
indicates the source of the dissipation.  By improving Q through RIE cleaning, we sense the 
presence of an organic layer adsorbed along the NW’s length, while improving Q through 
heating demonstrates the presence of adsorbed water. 
Upon cooling the NW to 10 K, Q improves by an order of magnitude.  By maintaining this 
improvement upon locally heating the NW to room temperature while the clamps remain at 10 
K, we pinpoint the clamps as a dominant source of energy dissipation at room temperature.  
Peaks in the energy dissipation upon warming at 270 K provide further evidence of adsorbed 
water along the NW. 
Finally, by exciting the NW into resonance and then quickly removing the drive, we are able 
to measure the exponential decay of the resonator’s response.  The characteristic time for this 
decay provides an alternate measure of Q, not reliant on the width of the resonance peak.  The 
consistency between the two measures of Q provides confirmation that each technique is an 
accurate representation of the energy dissipation present in the system.  Further, we may 
simultaneously drive both lowest order modes to verify they are orthogonal, and allow for a more 
accurate determination of changes in f0 and Q due to external stimuli. 
  
117 
 
 
Chapter 6 
6 Noise Processes 
 
Nanomechanical resonators offer exceptional sensitivity for applications including not only 
sensing the local environment (see Chapter 5), but also for mass [34],
 
 force [35], and 
displacement [36] sensing.  The resolution of such sensors depends on the particular device 
geometry and material properties, with resonator mass and quality factor Q playing a large role.  
Also critically important, however, is the noise performance of the system.  Noise provides an 
ultimate limit to attainable sensitivity [38], and is influenced by factors including thermal 
displacement noise [37], measurement noise (e.g., from the readout amplifiers), and noise in the 
resonator's parameters.  Parameter noise in resonance frequency f0 may be caused by multiple 
factors, including adsorbing/desorbing of surface species [54], temperature fluctuations [37],
 
and 
defect motion [55].  To maximize sensitivity we must first identify and then minimize the 
dominant noise contributions.  In this chapter, we investigate the 1/f (flicker) parameter noise 
seen in GaN NW doubly clamped resonators. 
As discussed in Chapter 1, a resonator-based mass or strain sensor typically requires 
measuring a change δf0 in f0.  In the case of a mass sensor, this change is caused by depositing 
additional mass on the resonator.  We determined in Eq. (1.7) that the added mass δM is 
proportional to δf0, given by  
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     (6.1) 
provided δM « Meff, where Meff is the effective mass of the resonator.  Notably, Eq. (6.1) implies 
that the minimum observable δM is limited by the smallest measurable δf0, which in turn is 
limited by the system’s signal-to-noise performance [38].   
6.1  Measuring Parameter Noise 
To investigate device noise, we operate NW resonators at various electrostatic gate rf drive 
frequencies and NW dc bias voltages, with Vrf chosen to ensure a linear resonator response.  By 
sweeping the gate drive frequency through the NW’s resonance, we trace out the Lorentzian NW 
current response separated by the rf lock-in into components that are in phase (Irf,in) and 90° out 
of phase (Irf,out) with the drive signal, as seen in Figure 6.1(a).  In addition to reporting Irf,in and 
Irf,out, the lock-in also outputs the time-dependence of these components within a 1 kHz 
bandwidth of the gate frequency, as set by the lock-in’s time constant.  We then independently 
analyze the power spectral density (PSD) of each phase.   
For NWs with typical resistances of 200 kΩ, we find that for Vdc < 2 V, Idc < 10 μA, the noise 
response at both phases is consistent with extrinsic transimpedance amplifier white noise.  
However, for larger Vdc we find that an increasing 1/f noise contribution can appear on either or 
both phases, with amplitude dependent on Vdc and on gate drive frequency fg.  Figure 6.1(b) 
shows example PSD data of Irf,in ( SI,rf,in(f, fg), where f refers to frequencies relative to fg) from a 
220 nm diameter, 8 μm long NW with Vdc = 8 V.  When the NW is driven on resonance at 27.53 
MHz we see a substantial 1/f contribution, while with a drive frequency 100 kHz off resonance at 
27.43 MHz we see only amplifier white noise on the order of 14 pA Hz
-1/2
.   
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Figure 6.1: a) In-phase and out-of-phase components of Irf due to sweeping the gate drive 
frequency through the NW's resonance, with Vdc = 7 V and Vrf = 2 V, taken at 10
-4
 Pa and 300 
K.  The figure displays a fitted Lorentzian resonator response (solid line), with f0 = 27.5684 ± 
.0001 MHz and Q = 920 ± 10.  b) Noise power spectral density (PSD) of the component of Irf 
in phase with the gate drive signal with Vdc = 8 V and Vrf = 2 V.  When driven on resonance 
the noise predominantly shows a 1/f component.  The red line is a corresponding fit to white 
noise plus a 1/f contribution.  Off resonance, only the white noise of the measurement 
electronics is seen. 
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1/f noise is common among many physical systems, including resonators [98], metals [99], 
and field-effect transistors (FETs) [100].  Any device whose signal derives from a two-state 
system, such as an FET where charge at the semiconductor-oxide interface may either be trapped 
or released, will exhibit 1/f noise.  A single switching event, e.g., charge getting trapped in an 
FET, generates a Lorentzian contribution to the noise power spectrum [101].  With multiple 
switching sites and a distribution of time constants determining the rate of switching from one 
state to another, the noise power spectrum becomes a superposition of many such Lorentzian 
contributions.  This superposition forms a 1/f spectrum [102].  
In the case of a mechanical resonator, there are many possibilities for two-state systems 
leading to flicker noise.  For example, gas may adsorb or desorb along the length of the 
resonator, with each event changing the beam’s resonance frequency due to the added mass.  The 
rate of adsorption/desorption will then determine the magnitude of 1/f noise [103].  Additionally, 
defects within the resonator can shift configurations, modifying the local Young’s modulus and 
resulting in flicker noise [37].  Other mechanisms that lead to 1/f noise in mechanical resonators 
include phonon scattering [104] and temperature fluctuations [105]. 
To identify the source of the 1/f noise present in these NW resonators, we examine the 
magnitude of the 1/f rf current noise, defined as SI,rf,in/out(f=1 Hz, fg) where the subscript in/out 
refers to either the in-phase or out-of-phase (quadrature) component of Irf, and observe a 
characteristic drive frequency and phase dependence as shown in Figure 6.2, where the NW is 
again biased at 8 V.  The 1/f noise appears predominantly in the out-of-phase response when fg is 
to either side of resonance, and predominantly in the in-phase signal on resonance.  Comparing 
this result to Figure 6.1(a), we note these noise maxima correspond with local maxima of the 
derivatives of the solid Lorentzian NW response curves.  Thus, a possible explanation for the  
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Figure 6.2: Magnitude (at 1 Hz) of the 1/f noise PSD of the phase-sensitive NW response as a 
function of gate drive frequency fg, taken at 10
-4
 Pa, 300 K, Vdc = 8 V, and Vrf = 2 V for a NW 
with f0 = 27.491 MHz.  Circles are in-phase noise, triangles are the quadrature phase.  Solid 
lines, given by Eq. (6.3), are the predicted noise levels based on the observed 1/f noise in NW 
resistance leading to a temperature-related fluctuating resonance frequency.  The structure is 
that of the square of the derivative of the Lorentzian response as determined by the fit to the 
resonance shape shown in Figure 6.1(a). 
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line shape of SI,rf,in/out(1 Hz, fg) is that noise in f0 is generating a corresponding rf current noise δIrf 
in the NW response, proportional to               ⁄ .  
To verify a noisy f0, we track resonance frequency over time.  The f0 tracking is performed 
with a software-controlled feedback loop locked to the zero crossing of the in-phase response of 
Figure 6.1(a), as described in Appendix G.  Figure 6.3 shows an example of tracking f0 for a NW 
resonator sufficiently biased (Vdc = 3 V) as to display significant 1/f noise in SI,rf,in on resonance.  
Over the course of several minutes f0 does indeed display a noisy variation, on the order of 1 kHz 
- 2 kHz around 12.9 MHz.  Furthermore, while tracking f0 we simultaneously measure the dc 
voltage Vdc across the NW and the corresponding dc current flow Idc to compute the NW’s 
resistance.  This resistance also displays a noisy variation, which is strongly correlated with the f0 
variations.  The resistance noise is shown to display 1/f time dependence by measuring the noise 
PSD of Idc, SI,dc(f), where f is relative to dc, noting this noise (an order of magnitude higher than 
the noise in the dc voltage supply) will be proportional to resistance noise, and observing a 1/f 
component independent of fg.  Such low-frequency resistance noise is common in semiconductor 
devices, including NWs [43] and field effect transistors [100], where, e.g., surface adsorbates 
and external electric fields can create charge depletion zones and locally modify the devices’ 
electrical conductivity.   
6.2  Modeling Parameter Noise 
Taken together, these observations suggest a model wherein a noisy resistance is leading to a 
noisy f0.  We postulate a resistance-driven temperature fluctuation effect: Higher Vdc means more 
power P dissipated in the NW.  If resistance fluctuates so too will P, leading to a fluctuating NW 
temperature T.  Any temperature dependence in f0, e.g., from the temperature-dependent Young’s 
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Figure 6.3: Resonance frequency fluctuations showing a high degree of correlation with the 
NW’s resistance fluctuations, taken at 10-4 Pa, 300 K, Vdc = 3 V, and Vrf = 2.8 V.  As the 
resistance fluctuates, likely due to shifting charge depletion zones, the temperature likewise 
fluctuates, resulting in a corresponding shift in resonance frequency.  The correlation between 
f0 and R is consistent with       ⁄  -2.7 Hz/nW. 
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modulus or NW thermal expansion, then causes a corresponding change in the mechanical 
resonance frequency.   
Within this picture, small changes δf0 in the resonance frequency arise from small changes 
δR in the resistance via the following chain rule: 
 
    (
   
  
) (
  
  
) (
  
  
)    (6.2) 
The relative shift in resonance frequency with temperature is reported [65] as a decrease in 
frequency with increasing temperature of roughly (   ⁄ )(     ⁄ )   -35 parts per million 
(ppm) per K.  Assuming that the GaN thermal conductivity κ is the primary thermal impedance, 
the thermal power flow along the wire is given approximately by   (     ⁄ )  , where r is 
NW radius and L is suspended NW length, leading to an estimated           ⁄⁄   2.5 
K/μW for a NW of L = 10 μm, r = 100 nm, and κ = 1.3 W/cm∙K [106].  This is consistent with 
the roughly 0.5 K/μW reported by Soudi, Dawson, and Gu [107], with the difference attributed to 
the additional thermal dissipation in their devices from the contact between the GaN NWs and 
the substrate.  For the third factor in Eq. (6.2), knowing      
  ⁄  results in 
         
   ⁄⁄ .  We note that, while NW temperature is not directly measured here, the 
combination of derivatives (     ⁄ )(    ⁄ )       ⁄  is an easily measurable quantity.  With 
the estimates above, we expect       (  )(      
    )⁄ (       ), which for the 12.9 
MHz NW of Fig. 4 is predicted to be roughly -1 Hz/nW.  The data in Fig. 4 indicate the actual 
value is -2.7 Hz/nW, perhaps indicating that the thermal impedance between the NW and its 
electrodes is significant compared to that of the NW alone. 
For the device examined in Figure 6.2,      ⁄  is measured directly by shifting f0 with dc 
power, resulting in approximately -1.5 Hz/nW.  In addition, R = 220 kΩ, and δR ≈ 1 kΩ over a 1-
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second timeframe for this device, leading to a δf0 from flicker noise (Eq. (6.2)) of roughly 100 
Hz and 2 kHz at 2 V bias and 8 V bias, respectively.  Assuming the same -35 ppm/K frequency 
shift as mentioned previously with f0 = 27.8 MHz, i.e.,       ⁄  1 kHz/K, this corresponds to 
respective temperature fluctuations of approximately 0.1 K and 2 K.  Further, we can use f0 as a 
local NW thermometer, calibrated by measuring f0 at a low enough bias, Vdc = 0.5 V (equivalent 
to 0.5 μW for the nonlinear current-voltage characteristics of this device), that presumably NW 
temperature is nearly ambient, 300 K.  Increasing Vdc decreases f0 by 6.6 kHz at 2 V (12 μW) and 
314 kHz at 8 V (240 μW), implying temperatures on the order of 10 K and 300 K above ambient, 
i.e., 310 K and 600 K, respectively.  Note that to first order the measured 0.5% resistance 
variation will cause a 0.5% fluctuation in Joule heating, meaning the observed δR should 
correspond with temperature fluctuations of 0.05 K and 1.5 K, consistent with the values 
predicted based on δf0 above. 
This picture is then extended to explain the magnitude and structure of SI,rf,in/out(f, fg) by 
relating them to SI,dc(f) through power-induced changes in f0, given again through the chain rule 
by 
 
            (    )  (
           
   
)
 
(
   
  
)
 
(
  
  
)
 
    ( )  (6.3) 
where the third factor is simply the squared bias voltage, given that P = VdcIdc.  The partial 
derivatives of Eq. (6.3) are squared compared with Eq. (6.2) as the PSD measures mean-squared 
fluctuations per unit bandwidth.  Note that Eq. (6.3) gives separate equations for the in-phase and 
out-of-phase components of Irf, but both are related to the same SI,dc.  When multiplying these 
three derivatives with SI,dc(1 Hz), we arrive at the predicted SI,rf,in/out(1 Hz, fg) as seen in the solid 
lines in Figure 6.2.  The agreement between the measured and predicted SI,rf,in/out(1 Hz, fg) 
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strongly supports the hypothesis that the flicker noise is caused largely by temperature-driven 
fluctuations in f0 resulting from fluctuations in NW resistance.  
Finally, we consider how this type of 1/f noise affects the optimal operation of, e.g., a mass 
sensor.  At low Vdc the noise in our system is dominated by extrinsic amplifier noise.  This noise 
is constant, independent of bias or applied forces, and adds a constant uncertainty δIrf to Irf,in/out.  
To ascertain the resulting influence on δf0, we analyze the effect this current noise has on f0 as 
determined by our tracking method locked to the zero-crossing of Irf,in.  The two uncertainties are 
again related through the chain rule by 
     
 
          ⁄
      (6.4) 
In the linear regime in the immediate vicinity of f0, the derivative in Eq. (6.4) may be 
approximated (see Eq. (G.12)) as           ⁄   |       (  )|   ⁄ .  Noting that |       (  )| is 
the amplitude of the resonance signal, we make the substitution |       (  )|     ⁄     , where 
SNR is the signal-to-noise ratio of the system, and write Eq. (6.4) as 
     
  
       
  (6.5) 
As expected, Eq. (6.5) implies δf0 due to white noise is inversely proportional to SNR.  For 
this device, f0 ≈ 27.8 MHz, Q ≈ 900, and SNR = 24 and 380 for 2 V bias and 8 V bias, 
respectively, resulting in corresponding values of δf0 of roughly 600 Hz and 40 Hz.  Clearly, the 
lowest δf0 is achieved by maximizing SNR, e.g., by increasing NW bias and force until some 
system limit, such as severe NW heating or nonlinear response, is reached.  However, the 
observed parameter noise in f0 adjusts this simple picture: In the high-bias regime, flicker noise 
represents the majority contribution to δf0.  Once the parameter 1/f noise exceeds the amplifier 
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noise, δf0 will then worsen with increasing bias.  This leads to an optimum operation point in 
NW bias voltage that minimizes δf0. 
For the device described here this optimum point occurs at Vdc = 3 V, where total δf0 (sum of 
flicker and white noise contributions in quadrature in a 1-second measurement period) is 400 Hz.  
Below this Vdc, decreased signal compared to amplifier white noise raises δf0 (≈ 600 Hz at 2 V), 
while above 3 V the increased 1/f noise in f0 dominates (δf0 ≈ 2 kHz at 8 V).  Returning to the 
mass sensor example discussed previously, we can use Eq. (6.1) to estimate the mass sensitivity 
of the device based on these uncertainties, where Meff ≈ 1.9 pg based on electron-micrograph-
determined dimensions and f0 is measured to be 27.8 MHz.  This results in an optimum minimum 
detectable mass of δM = 50 ag (1 ag = 10-18 g) at 3 V bias, increasing to 80 ag and 270 ag for 2 V 
and 8 V bias, respectively.   
This sensitivity could be improved by increasing averaging time/improving SNR (e.g., with a 
lower-noise amplifier) and going to lower bias, or actively cooling the NW to reduce the 
parameter noise and then going to higher bias.  Additionally, we note that because the resistance 
noise can be measured directly, a feedback mechanism could be developed to minimize δf0 at the 
cost of additional noise in a different resonator parameter.  For example, regulating the bias 
voltage supply in response to resistance fluctuations could keep the NW power, and hence 
temperature, constant.  While this would eliminate the flicker noise in f0, the regulated bias 
voltage would introduce flicker noise into the bias-dependent amplitude.  Alternatively, the 
resistance could be controlled through the field effect by applying an appropriate dc voltage to 
the electrostatic gate, which would also modulate the driving force and again transfer the flicker 
noise in f0 to amplitude.  However, because a mass sensor measures change in f0 and not 
amplitude, transferring the noise would result in improved sensitivity.  Thus, while parameter 
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noise might be difficult or impossible to eliminate, one can shift the noise to a parameter with 
less influence on the resolution of a particular sensing application. 
6.3  Chapter 6 Summary   
In summary, we have investigated low-frequency noise in doubly clamped GaN NW 
resonators.  At low bias voltage across the NW, the system noise consists of the white noise of 
the readout electronics.  At higher bias voltage, flicker noise from temperature-induced 
frequency fluctuations becomes the dominant noise term.  For sensor applications it therefore 
becomes critically important to find a balance between maximizing the SNR and minimizing 
parameter noise. 
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Chapter 7 
7 Conclusions and Future Work 
 
To summarize, as-grown GaN NW resonators display exceptional Q values on the order of 
10
4
 – 105, an order of magnitude higher than most other NW materials.  This high Q, in 
conjunction with a low mass, allows these NWs to act as, e.g., mass sensors with sub-attogram 
resolution.  However, the requirement for an electron microscope for the as-grown readout 
technique makes these devices unsuitable for most sensing applications.  To rectify this 
deficiency, we successfully fabricated doubly clamped GaN-NW mechanical resonators with 
entirely electronic drive and readout techniques.  The devices are fabricated using a combination 
of lithographic patterning and dielectrophoresis, along with a novel alignment-trench technique 
that dramatically improves the percentage yield. 
For these doubly clamped devices, an electrostatic gate induces NW vibration, which is 
electronically detected via NW piezoresistance. The naturally occurring range of NW diameters 
results in lowest beam resonances in the range of 9-36 MHz, with Q factors as high as 3000 
under 10
-4
 Pa vacuum at room temperature.  This measurement technique is sensitive enough to 
measure the NW’s sub-Angstrom displacement due to thermal vibration, which allows the device 
to be used as a displacement sensor.  Further, the NW’s resonance peak width may be used to 
sense the sources of additional energy dissipation that result in an order of magnitude lower Q 
than for the as-grown devices.  By cooling the device, we recover this order of magnitude in Q, 
increasing to above 25,000 at 8 K.  By warming the NW to room temperature through local Joule 
heating while maintaining cold mechanical clamps, Q remains above 10
4
.  These results strongly 
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implicate the clamps as major sources of room-temperature dissipation, and suggest that 
modification of the clamps may enable higher-Q operation of the doubly-clamped resonator 
device at room temperature. 
Finally, we investigated the 1/f noise present in the NWs’ resonance frequency and 
resistance.  The measured noise levels are consistent with noise in the NW's resistance leading to 
temperature noise from local Joule heating, in turn generating resonance frequency noise.  This 
temperature-induced noise effect has important implications for using such devices as sensors, 
where a balance must be struck between minimizing the 1/f resonance frequency noise while still 
maximizing the signal-to-noise ratio of the system. 
There remain numerous avenues for further research into these doubly clamped GaN NW 
resonators.  As mentioned, improving the clamps could result in room-temperature Q factors 
over 10
4
.  One possibility for improving the clamps would be to use a material with a higher 
density than titanium, such as tungsten, where the additional mass might further damp the 
vibration of the NW underneath the clamping metal and result in decreased defect motion.  
Additionally, thermal annealing of the clamps could potentially reduce the total number of 
defects [108],[109].  A detailed study would be required to determine the effect of different 
materials and annealing parameters (including time, temperature, and ambient environment) on 
the NW’s Q factor. 
An additional future goal is to convert the NW resonator into a self-driven oscillator: By 
completing a feedback loop, the NW’s output could also provide the driving voltage to the 
electrostatic gate.  Provided the gain is sufficient and the phase is adjusted appropriately, the NW 
should oscillate spontaneously.  As discussed in Chapter 2, the apparent Q factor of an oscillator 
may be orders of magnitude higher than the device’s intrinsic Q, resulting in a significant 
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improvement in sensing capabilities.  The NW could then be used as, e.g., a mass sensor similar 
to the as-grown NW oscillator that resulted in sub-attogram resolution.  To test this device’s 
sensitivity, it could be placed inside a thin-film deposition chamber, unlike the as-grown sensor.  
A film could then be evaporated and the resulting mass determined by the NW, which could be 
compared against the value determined by a commercial quartz crystal microbalance.  With such 
a system, we could investigate not only the NW mass sensor’s sensitivity, but also its accuracy. 
Beyond such practical applications, more work may also be done on fundamental material 
property studies.  For example, the resistance of the NW as a function of temperature poses an 
unanswered question.  We observe an increase in resistance of roughly a factor of 4 going from 
room temperature to 20 K, while the increase based on the temperature dependence of carrier 
concentration given by McKelvey [110] predicts a factor of approximately 65.  This large 
discrepancy implies the electrical conductivity of the NW at low temperatures is perhaps more 
complicated than a simple temperature-dependent conduction-band model would predict.  These 
devices would also be suitable for investigating such material properties as piezoelectricity, 
photoconductance, and photoemission. 
To conclude, these GaN NWs offer unprecedented access to high quality, defect-free 
nanomechanical resonators.  Through fabricating doubly clamped devices with a simple 
electronic drive and readout mechanism, these resonators are of immediate utility in high-
resolution sensing applications.  In addition, the resonators offer a platform for investigating 
fundamental material properties.  Further improvements to the geometry may yet be made, and 
much remains to be learned from these devices.   
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Appendix A 
A Lithography Processes 
 
Lithography is a commonly-employed thin-film processing technique wherein a desired 
design is transferred onto a substrate by patterning a polymer resist structure.  The two most 
common forms of lithography are photolithography, where the patterning is performed with a 
mask and UV light, and electron-beam (e-beam) lithography, where the patterning is performed 
with a computer-controlled electron beam.  While these techniques require very different 
processing steps, the theory behind each is similar.  The general steps involved in lithography 
processes are as follows: 
First, the resist is applied to the substrate, generally through spin coating.  By spinning the 
wafer, the resist achieves a uniform height across the entire substrate, with a thickness 
determined by the spin speed.  The wafer then undergoes a “soft” bake, serving to drive out the 
solvent and solidify the resist.  The resist is then exposed, either with UV light 
(photolithography) or high-energy electrons (e-beam lithography), to transfer a pattern into the 
resist.  The mechanism for patterning is dependent on the polarity of the resist, either positive or 
negative.  With positive resist, exposure changes the chemical structure of the resist to make it 
soluble in the developer.  In the case of photolithography, after development, the resist then 
duplicates the pattern present on the mask.  Negative resist, on the other hand, becomes insoluble 
after exposure and generates the inverse, or photographic negative, of the mask. 
Which polarity of resist to use for a given application depends on the polarity of the mask 
and the desired processing technique, either etch or lift-off.  In an etch technique, the desired 
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metal film is deposited uniformly across the substrate prior to resist patterning.  The resist is then 
patterned as a protective coating over the metal in the shape of the intended pattern, i.e., using 
positive resist for a positive-polarity mask (where the pattern is defined by metal and the rest of 
the mask is transparent).  The unprotected metal is etched with an appropriate etchant that will 
etch the metal but not the resist and the remaining resist is stripped, leaving behind the 
transferred pattern.  Alternatively, in a lift-off technique, metal is deposited after the resist is 
patterned.  Here, remaining resist prevents metal from adhering to the substrate, i.e., using 
negative resist for a positive mask results in metal on the substrate in the intended pattern.  The 
unwanted metal on top of the resist is then “lifted off” by stripping the remaining resist.   
Lift-off processes tend to be more reproducible and do not require dangerous etchants, and so 
is our preferred technique.  The one caveat to a successful liftoff, however, is the need for an 
undercut in the resist pattern.  If the side walls of the resist are entirely vertical, depositing a 
metal film over the substrate often leads to a continuous film with a connection between the 
metal on the resist and that on the substrate.  After liftoff, rather than cleanly falling off, the 
metal then tears at this connection point, leading to unwanted “liftoff fins” that may interfere 
with further processing.  These fins may be avoided, however, as long as there is sufficient 
undercut in the resist pattern, where the resist has a sloped side wall that dramatically reduces the 
chances of a continuous film.  To achieve this undercut, many negative photoresists are 
formulated such that they develop faster at the bottom than at the top, resulting in the desired 
sloped side wall.  For e-beam lithography, undercut is controlled by using a bilayer resist system, 
where the bottom layer is developed further than the top layer.  For a successful lift-off, it is then 
important to visually confirm the presence of undercut prior to metal deposition.   
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A.1 Photolithography Recipe 
 
Dispense Resist Apply 1-2 mL/in
2
 resist to surface of wafer  
Spin 3000 rpm for 45 seconds, 5 acceleration 
Soft Bake 2 minutes at 130° C 
Exposure 45 seconds on Quintel aligner 
Hard Bake 2 minutes at 100° C 
Development 7 – 13 seconds in RD-6 
Rinse and Dry Immerse in DI water for 5-10 sec, blow dry with N2 
 
Table A.1: Standard photolithography recipe for Futurrex NR7-1500PY negative photoresist. 
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A.2 E-beam Lithography Recipe 
Dispense LOR5A Apply 1-2 mL/in
2
 LOR5A to surface of wafer  
Spin 2500 rpm for 45 seconds, 5 acceleration 
Soft Bake 5 minutes at 180° C 
Dispense PMMA A4 Apply 1-2 mL/in
2
 PMMA A4 to surface of wafer 
Spin 3000 rpm for 45 seconds, 5 acceleration 
Soft Bake 5 minutes at 180° C 
Evaporation Deposit 100 Å aluminum charge dissipation layer 
Exposure See Appendix A.4 
Etch Immerse in 5 drops NaOH in 50 mL water until completely etched 
Development 1 minute in MIBK/IPA 1:3 
Rinse and Dry Immerse in IPA for 30 sec, blow dry with N2 
Development 5 minutes in XP101A Developer 
Rinse and Dry Rinse in DI water, blow dry with N2 
Table A.2: E-beam lithography recipe for LOR5A/PMMA A4 bilayer processing. 
 
 
 
Dispense EL9 Apply 1-2 mL/in
2
 EL9 to surface of wafer  
Spin 3000 rpm for 45 seconds, 5 acceleration 
Soft Bake 5 minutes at 160° C 
Dispense PMMA A4 Apply 1-2 mL/in
2
 PMMA A4 to surface of wafer 
Spin 3000 rpm for 45 seconds, 5 acceleration 
Soft Bake 5 minutes at 160° C 
Evaporation Deposit 100 Å aluminum charge dissipation layer 
Exposure See Appendix A.4 
Etch Immerse in 5 drops NaOH in 50 mL water until completely etched 
Development 1 minute, 45 seconds in MIBK/IPA 1:3 
Rinse and Dry Immerse in IPA for 30 sec, blow dry with N2 
Table A.3: E-beam lithography recipe for EL9/PMMA A4 bilayer processing. 
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A.3 E-beam Exposure Technique 
This section describes the technique employed for e-beam exposure using the JEOL 6400 
SEM in the Keck Lab.  To begin, determine whether a charge dissipation layer is needed.  
Typically, silicon and other conducting substrates do not require a dissipation layer, while 
sapphire and other nonconductive substrates require approximately 100 Å of aluminum to 
prevent significant charging.  However, each process is unique, and depending on the thickness 
of the resist and the material of the alignment marks, silicon may require a dissipation layer or 
sapphire may not.  It is then often valuable to attempt the exposure without a dissipation layer, 
and if charging makes finding alignment marks impossible to then deposit the layer.  If a 
dissipation layer is used, ensure the clamp of the wafer holder makes electrical contact to the 
layer to provide the necessary grounding path. 
After the wafer is loaded inside the SEM, but before turning on the electron beam, move the 
stage to the gold standard at 8 mm working distance.  Turn on and optimize the beam at 35 kV, 
and focus on the gold particles within the gold standard and correct any astigmatism.  As the 
SEM’s filament warms up, the focus and astigmatism often will change over the course of 
roughly 10 - 30 minutes before eventually stabilizing.  As such, for particularly fine patterns 
(~100 nm feature size), it is recommended to let the beam stabilize before attempting the 
lithography. 
With the beam focused and without astigmatism, lower the beam current to 10-100 pA, 
equivalent to a condenser lens (CL) setting of 13-14, and move the stage to the wafer.  To focus 
on the wafer, first lower the z-position of the wafer stage to coarsely focus and limit the amount 
of astigmatism introduced by dramatically adjusting the focal length.  Find the first alignment 
mark, such as the cross of the “Shawn1” mask or the top electrode of the “Nanowire1” mask, and 
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move the wafer stage in the y-direction, adjusting the rotation of the stage until the y-direction 
movement is parallel to the alignment mark.  Continue past the first alignment mark to the series 
of 7 crosses.  At the sixth cross, increase the magnification to above 1000x to avoid 
unintentionally exposing the pattern site and move to the seventh cross.  Adjust the focus as best 
as possible, recognizing that it typically is not possible to perfectly focus on the alignment mark 
underneath a thick layer of resist.  To further optimize the focus and astigmatism, move slightly 
off the alignment mark and put the e-beam into spot mode for 30 seconds at 30,000x 
magnification.  This exposes a single, ~100-nm circular spot that can then be used for focusing 
and astigmatism correction.  At this point, center the seventh alignment cross in the field of view, 
blank the beam, change the magnification to 1000x, adjust the current to 10 pA, and move the 
wafer stage to the pattern site. 
Prior to running the NPGS patterning program, verify the run file contains appropriate 
parameters (see Appendix A.4) and confirm the geometries of the alignment file and the pattern 
file.  Once satisfied, switch the beam to NPGS control and execute the run file.  Center the 
alignment marks within the alignment pattern, and commence the patterning. 
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A.4 E-beam Exposure Parameters 
 
Magnification 1000x 
Center-to-Center 
Distance 
100 Å 
Line Spacing 100 Å 
Measured Beam 
Current 
10 pA 
Exposure See Table A.5 
Table A.4: Typical run file parameters for e-beam exposure. 
 
 
 
Area > 5 µm
2
 325-350 µC/cm
2
 
1 µm
2 
< Area < 5 µm
2
 350-375 µC/cm
2
 
Area < 1 µm
2
 375-425 µC/cm
2
 
Line dose 1-2 nC/cm 
Table A.5: Typical area-dependent e-beam exposure values. 
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Appendix B 
B Electrostatic Bleedthrough 
 
Electrostatic bleedthrough refers to the unwanted capacitive coupling between the 
electrostatic gate and the NW electrodes of our doubly clamped NW resonators.  Because of this 
coupling, a portion of the rf voltage, Vrf, applied to the gate to excite NW vibration will bleed 
through to the measured output of the NW, obscuring the resonance and reducing the signal-to-
noise ratio, SNR.  To determine the magnitude of this bleedthrough signal, we explore the 
capacitance between the gate and electrodes in several geometries.   
The first geometry we analyze is the “Shawn1” pattern on a silicon substrate.  There are two 
contributions to the capacitive coupling: through the substrate and through the air.  Figure B.1(a) 
shows a schematic diagram of the various bleedthrough capacitances for this case.  The substrate 
here is coated with 0.5 µm worth of thermal oxide, creating a capacitance from each lead to the 
substrate, Csub, of approximately 500 pF, as measured with an electrometer and probe station.  
The capacitance between neighboring leads through air, Cair, is measured again with an 
electrometer and probe station, only using a sapphire substrate rather than silicon to eliminate 
any contribution to the measurement from substrate capacitance, resulting in Cair ≈ 0.2 pF.   
Figure B.1(b) shows the circuit diagram of the connection between the gate and one of the 
NW electrodes for the simple case with no mounted NW, meaning the two NW electrodes are 
isolated.  For the case with a NW bridging those electrodes, the resulting bleedthrough will have 
an additional component due to the other electrode’s additional capacitive coupling to the other 
half of the gate, so the bleedthrough values calculated from this simplified case are a lower limit.   
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Figure B.1: a) Schematic of the various capacitive “bleedthrough” couplings between the 
electrostatic gate and the NW electrodes.  Cair is the direct capacitive coupling through air, 
~0.2 pF.  Csub is the capacitance between a single electrode and the underlying silicon 
substrate, ~500 pF.  Rsub is the resistance through the substrate between the gate and NW 
electrode, ~3 kΩ.  b) The equivalent circuit diagram for the bleedthrough connection between 
the gate and a single NW electrode, assuming no mounted NW connecting the two NW 
electrodes. 
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Through air, the only connection between the gate and NW electrode is through Cair, and at the 
frequencies of interest, around 10 MHz for the doubly clamped NWs investigated here, 0.2 pF 
translates to an impedance on the order of 80 kΩ.  The connection through the substrate is 
slightly more complicated, with Csub connecting the gate to the substrate, then traveling through 
the substrate with resistance Rsub, and reaching the NW electrode through another Csub worth of 
capacitive coupling.  Rsub is calculated through         ⁄ , where ρ ≈ 1000 Ω∙cm is the 
resistivity of the silicon, L ≈ 10 µm is the distance between the gate and NW electrode, and A ≈ 
0.00035 cm
2
 is the cross-sectional area of the 350-µm thick, ~100-µm wide section of substrate 
where the electrodes are closest together, giving Rsub ≈ 3 kΩ.  Because the impedance of Csub at 
10 MHz is only ~30 Ω, the net impedance from the gate to the NW electrode through the 
substrate is approximately Rsub.  The bleedthrough impedance through the substrate, ~3 kΩ, is 
therefore the dominant source of coupling compared to the bleedthrough impedance through air, 
~80 kΩ.   
Under typical drive conditions wherein Vrf = 2 V, the 3 kΩ impedance through the substrate 
then results in a bleedthrough current of roughly 0.7 mA.  Considering typical NW rf currents on 
resonance are on the order of 1 nA – 10 nA (see Chapter 4.3), the SNR in this case is an 
unacceptable 10
-5
 – 10-6.  To improve this SNR, we change from a silicon substrate to a sapphire 
substrate. 
As mentioned above, sapphire substrates are nonconductive and therefore do not experience 
any bleedthrough due to the substrate.  As such, wafers fabricated on sapphire only experience 
the coupling through air of 0.2 pF, or 80 kΩ at 10 MHz.  Again assuming Vrf = 2 V, this 
impedance results in a bleedthrough current of roughly 25 µA, or equivalently an SNR of 10
-4 – 
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10
-5
.  While this is an order-of-magnitude improvement over the SNR for a device fabricated on 
silicon, it is still prohibitively low.   
To further reduce this bleedthrough, we designed a new mask, “Nanowire1.”  This mask is 
intended to have a much lower Cair due to the electrodes being perpendicular rather than parallel 
to each other, and is also fabricated on sapphire substrates.  With this new geometry (see Figure 
3.1), we reduce Cair from 0.2 pF to ~7 fF.  At 10 MHz, 7 fF produces an impedance of 2 MΩ, for 
a bleedthrough current of 1 µA at Vrf = 2 V.  This corresponds to SNR = 10
-2
 – 10-3, so another 
order-of-magnitude improvement.  To improve this further, we utilize a current-cancellation 
technique discussed in Chapter 4.3.1 to apply Vrf, shifted by 180° with a hybrid coupler, to a 
second gate.  The symmetry in the capacitive couplings between the two gates and the NW 
electrodes allows the sum of the two bleedthrough currents to cancel each other out for yet 
another order-of-magnitude improvement in SNR, up to 10
-1
 – 10-2.   
As a final improvement, we note that the NW may be driven at ω0/2 rather than ω0 (see 
Chapter 4.2).  The bleedthrough then appears at ω0/2 while the resonance appears at ω0, allowing 
a high-pass filter to filter out much of the bleedthrough without attenuating the resonance signal.  
However, due to the intrinsic harmonic distortion of the function generator and hybrid coupler, 
the ω0/2 drive will also have a component at ω0, though with 40 – 60 dB of attenuation, i.e., 2 – 
3 orders of magnitude lower than the initial ω0/2 signal.  Nonetheless, this provides an additional 
2-3 orders-of-magnitude improvement in SNR, now at 10 – 100, which is high enough to clearly 
observe the NW’s resonance signal without requiring excessive averaging.  
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Appendix C 
C Wafer Dicing 
 
To dice substrates, we use a MicroAutomation 1006 dicing saw.  This saw utilizes resin 
blades that are loaded with diamond particles to abrasively cut through standard wafer materials.  
The blades are 0.01” thick, with diamond particle sizes of either 48 or 50 µm.  Importantly, the 
blades must be electrically conductive for the saw to properly calibrate the blade’s height relative 
to the substrate to be cut.  The general procedure for using this saw is as follows: 
First, coat the substrate with photoresist to act as a protective coating to prevent chipping 
during cutting.  Next, adhere the substrate to a glass mounting substrate with melted wax.  By 
using a mounting substrate, the blade may cut entirely through the substrate and into the glass 
without damaging the saw’s chuck.  With wafer preparation complete, the saw may be turned on 
following its prescribed start-up procedure.  Then set the required cutting parameters, including 
diameter, starting height, ending height, distance between cuts, and, most importantly, cutting 
speed and depth per cut.  If the cuts are too fast or too deep, the wafer risks being chipped or 
shattered.  While these parameters in general depend on the substrate material, typical values are 
0.02 in/sec for speed and 0.003 in/cut for depth. 
With the parameters set, the wafer and mounting substrate are placed on the saw’s chuck and 
held down with a vacuum seal.  The wafer is then aligned to the location of the first cut, which 
begins by pressing “Single cut.”  After each cut, the wafer may be indexed to the next location 
and undergo successive cuts, rotating the wafer by 90° when necessary.  The following figures 
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Figure C.2: Dicing pattern for a 2” diameter substrate, resulting in 2 ~1 in2 wafers. 
 
 
Figure C.3: Dicing pattern for a 3” diameter substrate, resulting in 5 ~1 in2 wafers. 
 
give sample cutting diagrams for 2”, 3”, and 4” substrates to result in nominally 1” x 1” square 
wafers. 
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Figure C.4: Two possible dicing patterns for a 4” diameter substrate, resulting in either 8 ~1 
in
2
 wafers or 12 less-square wafers. 
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Appendix D 
D Evaporators 
 
Two thin-film deposition chambers were used during the course of this research, one thermal 
evaporator and one e-beam evaporator, both located in Duane G223.  Thermal evaporation is a 
technique wherein the target material is placed within a metal boat, typically tungsten or 
tantalum, and put under vacuum.  The boat is then resistively heated by an applied current, 
causing the target material to melt and evaporate.  The evaporated metal then adsorbs onto the 
surface of the target substrate and a quartz crystal microbalance, to allow for accurate 
determination of the resulting thin film’s thickness.  Rates of evaporation are typically on the 
order of 1 – 10 Å/sec, controlled by the amount of current applied through the boat. 
To use the thermal evaporator in Duane G223, seen in Figure D.5, first load the desired target 
materials.  This evaporator is a three-boat system, allowing for deposition of three different 
metals without needing to break vacuum.  While the chamber is open, also mount the target 
substrate over the appropriate boat using Kapton tape.  Next, the chamber must be pumped 
down.  The vacuum pump is a diffusion pump capable of evacuating the chamber to a pressure of 
2x10
-6
 Torr within a half hour of pumping.  Pressures higher than approximately 8x10
-6
 Torr are 
inadvisable for evaporation, as the resulting film experiences contamination due to the residual 
atmosphere and therefore suffers poor adhesion.  Further, at higher pressures the extremely hot 
metal is more likely to oxidize, again resulting in a poor film. 
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Figure D.5: Photograph of the thermal evaporator located in Duane G223. 
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Once the pressure reaches the low 10
-6
 Torr range, select the appropriate boat containing the 
target metal.  Program the thickness monitor with the metal’s parameters, including density and 
z-ratio (the ratio of the speed of sound through the target metal compared to that through the 
quartz sensor), as well as the tooling factor.  The tooling factor is a geometrical correction to 
account for the different angle and radius of the thickness monitor as compared to the substrate, 
with respect to the evaporation boat.  For this chamber, each of the three boats has its own 
tooling factor, with rough values of 150%, 225%, and 300% for the left, middle, and right boats, 
respectively. 
With the thickness monitor properly programmed, turn on the high voltage power supply and 
slowly begin turning up the current.  As the boat heats up and warms the chamber, gas molecules 
adsorbed on various surfaces within the chamber tend to come free.  This causes the pressure to 
rise until the rate of desorption drops below the pumping speed, at which point the pressure will 
begin to fall again.  If the pressure rises above 8x10
-6
 Torr during deposition, it is recommended 
to turn down the current and let the pressure fall before continuing.  To avoid this pressure rise, 
an empty boat can be heated during the pump-down process.  The chamber will then take longer 
to reach its base pressure as this extra gas is also pumped out, but the pressure will not rise upon 
beginning deposition.  
Once the temperature of the boat reaches the melting point of the target material, the material 
will melt and begin to evaporate.  A rate should then appear on the thickness monitor.  Adjust the 
current until the rate reaches the desired level.  Some materials, most notably aluminum, tend to 
alloy to the boat upon melting and cause a change in the boat’s resistance.  This alloying changes 
the current required to maintain a constant temperature, and thus adjustments of the current are 
often necessary to keep a steady rate.  Once the desired film thickness has been reached, the 
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current may be turned down, the voltage supply powered off, and the chamber allowed to cool 
for at least 15 minutes before opening.  Afterwards, the chamber may be vented and the substrate 
removed. 
I have used this chamber to deposit aluminum, chromium, gold, silver, nickel, and titanium.  
While aluminum, chromium, gold, and silver are trivial to deposit, other materials, including 
nickel and titanium, are much more difficult.  The extreme heat required to melt such metals 
turns the boat very brittle.  It then becomes non-trivial to complete the deposition before the boat 
snaps.  Further, long depositions at elevated temperatures often result in the pressure rising to 
unacceptable levels.  For both of these reasons, it is preferred to deposit higher melting-point 
materials in the neighboring e-beam evaporator. 
E-beam evaporators work on a similar concept to thermal evaporators, only instead of 
evaporating the target material by resistively heating a boat, an electron beam provides the heat 
source.  Here, the target material is placed in a water-cooled graphite crucible, while running a 
current through a filament emits a stream of electrons.  The electrons are accelerated and guided 
to the crucible using adjustable magnets.  The narrow beam of electrons locally heats the targeted 
area, melting the target metal without substantially heating the crucible.  It is often necessary to 
sweep the beam across the crucible to melt the entire metal charge to avoid burning a hole 
through the metal and unintentionally evaporating the graphite crucible.  This electron technique 
has no practical restrictions on the material’s melting point, and as such it is possible to 
evaporate materials such as tungsten and tantalum that are not possible to thermally evaporate. 
The procedure for using this chamber, seen in Figure D.6, is very similar to that described 
above for the thermal evaporator.  First, the target material is loaded in one of the four available  
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Figure D.6: Photograph of the e-beam evaporator located in Duane G223. 
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crucibles and the substrate is again mounted above the crucible with Kapton tape.  The wafer 
stage in this chamber is attached to a rotary feedthrough, allowing the wafer to be mounted 
facing upwards and rotated downwards at the necessary time.  The chamber is then pumped 
down using a cryopump, and due to the larger volume of this chamber compared to the thermal 
evaporator, the pump-down time typically requires 8 – 12 hours rather than the other chamber’s 
30 minutes.  As such, the e-beam evaporator is recommended only for evaporations not suitable 
to the thermal evaporator. 
As an advantage to the longer pump-down time, the base pressure of this chamber is much 
lower than the other chamber, reaching 2x10
-7
 Torr after pumping overnight.  The thickness 
monitor should then be programmed as described above, and the high-voltage power supply may 
be turned on, providing 9.6 kV worth of accelerating voltage.  At this point, the wafer should be 
mounted face-up to avoid depositing metal while steadying the deposition rate.  Slowly increase 
the current provided to the filament until the e-beam spot is visible on the target material through 
a properly-angled mirror.  Verify the e-beam is entirely contained within the crucible, and 
continue slowly increasing the current until the target material melts.  A rate should appear on 
the thickness monitor, which may then be adjusted to the desired rate by modifying the current.  
Once the final rate has been reached, the wafer stage may be rotated 180° to begin depositing on 
the wafer.  If desired, the wafer stage may be rocked during deposition to produce sloped edges 
of the resulting metal film.  Once the desired thickness has been reached, the wafer may be 
rotated another 180° and the current slowly turned down.  Again wait at least 15 minutes for the 
chamber to cool, then vent the chamber and remove the substrate. 
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Figure E.7: Electrometer circuit diagram from [71]. 
Appendix E 
E Electrometer Circuit 
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Figure F.8: Schematic for a NW with a bent equilibrium position. 
 
Appendix F 
F Strain Calculations 
F.1 Bent Nanowire 
Figure F.8 shows the schematic diagram for the case where the NW’s equilibrium position 
(darker blue) is deflected upwards at the center by an amount x0, i.e., the NW is bent due to 
fabrication forces.  Assuming a parabolic profile, and the conditions  (   )     and  (  
 )      , where l is distance between the two NW electrodes, the deflection x as a function of 
z may be written as 
   
    
  
      (F.1) 
The total length L of the NW between the two electrodes is given by the arc length of x(z) 
between z = -l/2 and l/2: 
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Assuming x0 << l, the integrand in Eq. (F.2) may be approximated as √  (     ⁄ )      
  ⁄ (    
 ⁄ )   .  After integration, Eq. (F.2) becomes 
 
    
 
 
  
 
 
 (F.3) 
Now assume the center of the NW is displaced an additional length Δx << x0 about x0, e.g., due 
to vibration.  We then make the replacement          into Eq. (F.3), and to first order the 
new length L’ is given by 
 
     
  
 
    
 
 (F.4) 
From Eq. (F.4) we calculate the resulting strain due to NW vibration about a bent equilibrium 
position, again to first order, as 
   
 
 
  
 
    
  
 (F.5) 
F.2 Offset Conductive Core 
Another possible geometry is shown in Figure F.9, where the equilibrium position of the NW 
is now unstrained but the conductive core of the NW is offset from its center a distance d (see 
Figure F.9(a) ).  As the NW flexes due to vibration, half the NW will be under tension while the 
other half is under compression.  To determine the strain at a distance d from the center of the 
NW, we approximate the strained NW’s profile as a circle: 
 (    )
        (F.6) 
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Figure F.9: a) Schematic of the cross section of a NW with an offset conductive core, 
separated by a distance d from the center of the NW.  b) Schematic of the offset core’s 
resulting strain. 
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where x0 is the center of the circle in x and r is the circle’s radius.  With the boundary conditions 
 (   )     and  (   )      , after a bit of algebra we find 
 
  
       
   
 
  
   
 (F.7) 
assuming Δx << l. 
The length L0 of the center of the beam after a deflection Δx is given by the common 
equation for arc length along a circle,      , where θ is the angle subtended by the arc 
described by Eq. (F.6) from z = -l/2 to l/2.  To determine the length L’ of the offset conductive 
core, we let       and find 
      (  
 
 
) (F.8) 
Combining Eq. (F.8) with Eq. (F.7), and assuming small deflections such that L0 ≈ l, we arrive at 
the strain of a NW with an offset conductive core: 
   
 
 
    
  
 (F.9) 
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Appendix G 
G Resonance Tracking 
 
Many of the NW resonator studies presented here require measuring a change in f0 or Q due 
to an applied stimulus, such as a temperature, pressure, or driving parameter change.  Because 
the time-scale of these parameter changes is often on the order of seconds, rather than the 
minutes required for a full resonance curve, we mustIn order to record the NW’s resonance 
frequency, f0, and quality factor, Q, quickly, we developed a tracking algorithm that reduces the 
time The resonance tracking method involves measuring the NW’s phase-sensitive current 
response at only two driving frequencies, rather than the hundred or so frequencies required for a 
full resonance curve.  The principal is as follows: First, note that the in-phase response of Figure 
5.1(b) is linear in the immediate vicinity of f0 and crosses 0 at f0.  Thus, by choosing one driving 
frequency to be slightly lower than f0 and the other slightly higher than f0, we reduce the 
Lorentzian resonator line shape to a simple linear response.  We then extract f0 by fitting a line to 
the two measured in-phase points and determining the zero-crossing. 
Determining Q from only two data points is more complex, but still possible.  This 
determination requires knowing the functional form of the complex Lorentzian response, which 
we rewrite from Eq. (1.5) as 
  ( )  
 (  
    )
(  
    )      
  (G.10) 
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  ( )  
    
(  
    )      
  (G.11) 
where the combination of coefficients reflecting driving force, mass, voltage, piezoresistance, etc 
have been combined into a single amplitude parameter, A, and the phase has been adjusted such 
that δ = 0.  As a reminder, Γ = 2π∙FWHM = ω0/Q.  Expanding Eq. (G.10) about ω0 results in a 
linear response, as expected, given by 
  ( )  
   
    
(    )  (G.12) 
Thus, the slope m of the line fitted to the two in-phase measurements may be given by   
   (   
 )⁄ .  In this equation, A and Γ are both unknowns, requiring an additional equation to 
solve for Γ, and hence Q.   
To find another equation, we note that the peak amplitude in the out-of-phase signal occurs at 
ω = ω0, where | (  )|    (   ).  Because Y(ω) is to lowest order a constant around ω0, we 
may assume that the larger of the two out-of-phase data points is approximately equal to 
| (  )|.  Solving for A in terms of | (  )| and Γ and substituting the result into the equation for 
m lets us solve for Γ, resulting in    | (  )|  ⁄ .  Finally, using      ⁄ , we solve for Q: 
   
   
 | (  )|
  (G.13) 
We note that | (  )| may be more accurately determined by expanding Eq. (G.11) around ω0 
and keeping terms up to second order rather than lowest order, giving a quadratic equation of the 
form 
  ( )   [
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 ]  (G.14) 
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The above analysis may be repeated using A as determined by Eq. (G.14), resulting in a more-
complicated third-order equation for Γ rather than the linear equation determined above, but also 
a more accurate determination of Q. 
This tracking method has several requirements in order to successfully lock on to the NW’s 
resonance.  First, the initial f0 must be known to locate the resonance.  Second, the two frequency 
points used to determine f0 and Q must be chosen such that the in-phase response is in the linear 
regime, which covers a span of roughly 50% of the FWHM of the peak.  To ensure the tracking 
algorithm maintains the resonance in this linear regime, the two frequency points are taken at f0 ± 
0.15∙FWHM, i.e., the two frequencies cover a span of 30% of the peak’s width.  Thus, the initial 
FWHM, or equivalently Q, must be known in addition to initial f0.  After attaining lock on the 
resonance, the computed f0 and Q are used to derive the subsequent two frequency values, at 
which point the tracking algorithm repeats.  Third, the rate of change of f0 and Q must be slow 
enough compared to the measurement time, approximately 1 second, that the peak does not move 
a significant portion of its width from one measurement to the next.  If f0 moves between the 
lower frequency measurement and the upper frequency measurement, the computed f0 will be 
incorrect, and the error will compound over subsequent measurements until eventually the 
program loses lock on the resonance. 
To verify the above method successfully reproduces f0 and Q, given the preceding three 
conditions, we track the resonance at room temperature and compare the calculated parameters 
against the parameters determined by a Lorentzian fit to a full resonance sweep.  On average, the 
tracked f0, as computed over a 1-second span, is within 0.01% of f0 determined by fitting to a 2-
minute frequency sweep.  The error on Q is larger due to the sensitivity to noise for the tracked-
Q calculation, but still within 5% - 10% of the fitted value. 
